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abstract
A u n iq u e  app roach  t o  th e  i s o l a t i o n  o f  m i c r o b i a l  d e s u l f u r i z e r s  o f  
p e t ro l e u m  and  c o a l  i n v o l v i n g  the  u s e  o f  o rgan ism s  c a p a b le  o f  d e s u l f u r i z -  
in g  d ib e n z o t h i o p h e n e  ;as p r e s e n t e d .  A b a s a l  m i n e r a l  s a l t s  medium con­
t a i n i n g  no added  i n o r g a n i c  s u l f u r  was employed.  D ib e n z o th io p h e n e  was 
added  a s  a s o l e  s o u rc e  o f  c a rb o n ,  e n e r g y ,  and s u l f u r  f o r  t h e  c u l t u r e .
The a c c u m u l a t i o n  of  r e d u c i b l e ,  i n o r g a n i c  s u l f u r  i n  t h e  medium was em­
p lo y e d  as a c r i t e r i o n  o f  d e s u l f u r i z a t i o n .
A b i o a s s a y  p ro c e d u re  u t i l i z i n g  a s u l f a t e - r e d u c i n g  c u l t u r e  was 
d e s ig n e d  to  q u a n t i t a t e  t h e  r e d u c i b l e - s u l f u r  t h a t  a c c u m u la ted  in  the  
medium. The s u l f i d e  produced  was d e t e rm in e d  by t h e  m e thy lene  b lu e  
method employing p - a m i n o - d i m e t h y l a n i l i n e .
The d e s u l f u r i z i n g  c u l t u r e  was found to  be a m i x tu r e  o f  2 o rg a n ­
isms i d e n t i f i e d  a s  members o f  th e  g e n e r a  A r t h r o b a c t e r  and Pseudomonas . 
The d i s a p p e a r a n c e  o f  d ib e n z o th io p h e n e  c r y s t a l s  from th e  m i n e r a l  s a l t s  
a g a r  a round  i s o l a t e d  c o l o n i e s  i n d i c a t e d  t h a t  t h e  A r t h r o b a c t e r  s p . was 
t h e  a c t i v e  a g e n t .  A l l  a t t e m p t s  to  s e p a r a t e  t h e  2 o rgan ism s  r e s u l t e d  
i n  l o s s  o f  t h e  d e s u l f u r i z i n g  a c t i v i t y .
En v i ro n m en ta l  and n u t r i t i o n a l  s t u d i e s  i n d i c a t e d  t h a t  an  i n i t i a l  
pH o f  8 . 0  and a p h o s p h a te  b u f f e r  c o n c e n t r a t i o n  o f  0 ,6  p e r  c e n t  were 
optimum f o r  d e s u l f u r i z a t i o n .  D ib en zo th io p h en e  c o n c e n t r a t i o n s  above 
0.'6 p e r  c e n t  r e s u l t e d  i n  r e d u c e d  d e s u l f u r i z a t i o n .  A b a l a n c e  between 
a e r a t i o n  and mix ing  was a l s o  an im p o r t a n t  f a c t o r  i n  o b t a i n i n g  optimum 
a c t i v i t y .  V a r io u s  o r g a n i c  n i t r o g e n  s o u r c e s  were  u t i l i z e d  by th e  
c u l t u r e  b u t  a l l  r educe d  t h e  d e s u l f u r i z i n g  a c t i v i t y  s l i g h t l y .
The o n ly  d e t e c t a b l e  o r g a n i c  p r o d u c t  of  d i b e n z o th io p h e n e
v i i i
u t i l i z a t i o n  was c e l l u l a r  m a t e r i a l .  S u l f a t e  was i d e n t i f i e d  as  one o f  t h e  
end p r o d u c t s  of  s u l f u r  m e tabo l i sm .
Kuwait  r e s id u u m ,  a p e t ro l e u m  f r a c t i o n  h ig h  i n  o r g a n i c - s u l f u r ,  
s u p p o r t e d  t h e  growth  o f  t h e  c u l t u r e  b u t  no d e t e c t a b l e  r e d u c i b l e - s u l f u r  
a c c u m u la te d  i n  t h e  medium.
Manometric s t u d i e s  w i t h  r e s t i n g  c e l l s  employing  t h e  t h e o r y  o f  
" s i m u l t a n e o u s  a d a p t a t i o n "  i n d i c a t e d  t h a t  t h e  o x i d a t i v e  pathway o f  d i ­
b en z o th io p h e n e  m e ta b o l i s m  a p p a r e n t l y  f o l l o w s  two r o u t e s .  C a t e c h o l ,  
s a l i c y l a t e ,  b e n z o a t e ,  and p h e n y l p r o p i o n a t e  were  o x i d i z e d  by c e l l s  
grown on d ib e n z o th io p h e n e  w i t h o u t  a  p e r i o d  o f  a d a p t a t i o n .  T h e r e f o r e ,  
a pathway was p roposed  th ro u g h  p h e n y l p r o p i o n a t e ,  b e n z o a t e ,  and  c a t e c h o l  
t o  c a rb o n  d io x i d e  and  w a t e r .  However, t h e  f a c t  t h a t  s a l i c y l a t e  was 
a l s o  o x i d i z e d  s u g g e s t s  a second  pathway p o s s i b l y  i n v o l v i n g  an  a r o ­
m a t i c  a c i d  w i t h  an hydroxy group i n  t h e  o r t h o  p o s i t i o n .
I t  was f u r t h e r  p o s t u l a t e d  t h a t  t h e  i n i t i a l  a t t a c k  on th e  d i ­
b en z o th io p h e n e  m o lecu le  o c c u r s  a t  t h e  t h i o e t h e r  l i n k a g e ;  t h i s  r e s u l t s  
i n  c l e a v a g e  o f  one o f  t h e  benzene  r i n g s  and th e  f o r m a t i o n  o f  an 
a c r y l i c  a c i d  p o s s i b l y  w i t h  an  o r t h o  hydroxy  g roup .  The a c t i v i t y  o f  
t h e  c u l t u r e  on a l k y l  s u b s t i t u t e d  a r o m a t i c s  and t h e  i n a b i l i t y  o f  t h e  
c u l t u r e  t o  a t t a c k  condensed  a r o m a t i c  h y d ro c a rb o n s  was p r e s e n t e d  as  
f u r t h e r  e v id e n c e  f o r  t h i s  t h e o r y .
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INTRODUCTION
The im p o r ta n c e  o f  th e  d e s u l f u r i z a t i o n  of  p e t ro l e u m  and c o a l  i s  
e x e m p l i f i e d  by t h e  numerous problem s t h a t  c o n t a m i n a t i n g  s u l f u r  com­
pounds c r e a t e .  P o i s o n e d  c a t a l y s t s ,  c o r r o s i o n ,  and nox ious  odors  have 
been a t t r i b u t e d  t o  t h e i r  p r e s e n c e .
Many a t t e m p t s  have been  made to  remove i n o r g a n i c  and o r g a n i c  
s u l f u r  compounds from p e t ro l e u m  and c o a l  by c a t a l y t i c ,  c h e m ic a l ,  and 
io n -e x c h a n g e  p r o c e d u r e s .  A number of  w o rk e r s  have s u g g e s t e d  t h e  use  
o f  m i c r o b i a l  methods o f  d e s u l f u r i z a t i o n  b u t  t h e  s u p p o r t i n g  e v id e n c e  
p r e s e n t e d  f o r  such  p r o c e d u r e s  was not  c o n c l u s i v e .
I n f r a - r e d  a b s o r p t i o n  s t u d i e s  and f r a c t i o n a t i o n  p ro c e d u re s  have 
i n d i c a t e d  t h a t  t h e  o r g a n i c a l l y - b o u n d  s u l f u r  i n  c o a l  and p e t ro l e u m  i s  
p r i m a r i l y  i n  t h e  th io p h e n e  n u c l e u s .  Th iophene ,  d i b e n z o t h i o p h e n e ,  
t h i a n a p h t h e n e ,  and  a number o f  o t h e r  t h i o p h e n e  compounds have  been 
i s o l a t e d  from t h e s e  s o u r c e s .  A un ique  app ro ac h  t o  t h e  d e s u l f u r i z a t i o n  
of  c o a l  and p e t r o l e u m  was p ro p o sed  on t h e  b a s i s  o f  t h i s  i n f o r m a t i o n  i n ­
v o l v i n g  t h e  use  o f  o rgan ism s  s e l e c t e d  f o r  t h e i r  a b i l i t y  to  d e s u l f u r i z e  
t h e  p u re  o r g a n i c  su l fu r -co m p o u n d s  n o rm a l ly  found i n  t h e s e  m a t e r i a l s .
Our p r e s e n t  knowledge o f  s u l f u r  m e ta b o l i s m  i s  l i m i t e d  t o  t h e  
n a t u r a l l y - o c c u r r i n g  amino a c i d s  and v i t a m i n s  and t o  th e  v a r i o u s  forms 
o f  i n o r g a n i c  s u l f u r .  Any i n f o r m a t i o n  on t h e  m e ta b o l i s m  o f  a r o m a t i c  
s u l f u r - c o n t a i n i n g  compounds would t h e r e f o r e  c o n s t i t u t e  a s i g n i f i c a n t  
c o n t r i b u t i o n  t o  ou r  p r e s e n t  i n f o r m a t i o n  on s u l f u r  m e tab o l i sm .
The p r im a ry  o b j e c t  o f  t h i s  i n v e s t i g a t i o n  was t o  i s o l a t e  and s tu d y  
o rgan ism s  c a p a b le  o f  d e s u l f u r i z i n g  d ib e n z o t h i o p h e n e ,  and t o  e l u c i d a t e
1
2t h e  o x i d a t i v e  m e t a b o l i c  pathway in v o l v e d .  I n f o r m a t i o n  from t h i s  s tu d y  
may p r o v i d e  an i n s i g h t  i n t o  t h e  m i c r o b i a l  d e s u l f u r i z a t i o n  o f  p e t ro l e u m  
and c o a l .
REVIEW OF LITERATURE
Our p r e s e n t  knowledge o f  t h e  s u l f u r  m e ta b o l i s m  o f  m ic ro o rg a n i s m s  
i s  l i m i t e d  t o  n a t u r a l l y - o c c u r r i n g  amino a c i d s  and v i t a m i n s  and  t o  i n ­
o r g a n i c  s u l f u r  compounds.  S t a r k e y  (1956)  and Young and  Maw (1958)  i n  
t h e i r  e x c e l l e n t  r e v i e w s  on s u l f u r  m e ta b o l i s m  have p o i n t e d  o u t  t h a t  
o rg a n i s m s  d i f f e r  w i d e l y  i n  t h e i r  s u l f u r  r e q u i r e m e n t s  and m e ta b o l i s m .
T h e i r  r e q u i r e m e n t s  v a r y  from s im p l e  i n o r g a n i c  forms to  more complex 
o r g a n i c  s t r u c t u r e s ,  and t h e i r  c a t a b o l i s m  r e s u l t s  i n  t h e  a c c u m u l a t i o n  
o f  s i m p l e  to  complex o r g a n i c  and  i n o r g a n i c  p r o d u c t s .  Very l i t t l e ,  
however ,  i s  known a b o u t  t h e  a c t i v i t i e s  and  a b i l i t i e s  o f  m ic ro o rg a n i s m s  
a t t a c k i n g  t h e  a r o m a t i c  s u l fu r - c o m p o u n d s  su ch  as t h o s e  found i n  c o a l  and 
p e t r o l e u m .
Thiophene  and s u b s t i t u t e d  t h i o p h e n e s ,  i n c l u d i n g  d i b e n z o t h i o p h e n e ,  
have  b e e n  r e p o r t e d  i n  p e t r o l e u m  f r a c t i o n s  and c o a l .  A c c o rd in g  to  
H ar tough  and  M e i s e l  ( 1 9 5 4 ) ,  D ru s h e l  and M i l l e r  ( 1 9 5 5 ) ,  C a r r u t h e r s  
(1955) and  K im b e r l in  (1959-1961)  the  t h i o p h e n e  r i n g  s t r u c t u r e  c o n ­
s t i t u t e s  t h e  n u c l e u s  of  t h e  m a j o r i t y  o f  t h e  o r g a n i c - s u l f u r  s t r u c t u r e s  
commonly found i n  p e t r o l e u m .  I t  was on t h e  b a s i s  o f  t h i s  i n f o r m a t i o n  
t h a t  d i b e n z o t h i o p h e n e  was u s e d  i n  t h i s  s t u d y .
Because o f  t h e  l a c k  o f  i n f o r m a t i o n  on th e  m e ta b o l i s m  o f  d i b e n ­
z o t h i o p h e n e  and o u r  l i m i t e d  knowledge o f  t h e  m e ta b o l i s m  o f  o t h e r  
a r o m a t i c  s u l f u r - c o m p o u n d s ,  t h i s  r ev iew  w i l l  i n c l u d e  o n ly  t h e  l i t e r a t u r e  
p e r t a i n i n g  to  t h e  m i c r o b i a l  d e s u l f u r i z a t i o n  o f  p e t r o l e u m  and c o a l .
S c o t t  i n  1921 was p e r h a p s  t h e  f i r s t  t o  o b s e r v e  th e  a c t i o n  o f  m i c r o ­
o rg a n i s m s  on s u l f u r - c o m p o u n d s  i n  p e t r o l e u m .  He r e p o r t e d  t h e  g row th  o f  
s e v e r a l  forms o f  s u l f u r  b a c t e r i a  i n  m i n e r a l  o i l ,  and  s u g g e s t e d  t h a t  t h e  
o rg an is m s  were  e x t r a c t i n g  s u l f u r  from c o n t a m i n a t i n g  o r g a n i c  compounds.
U n f o r t u n a t e l y ,  he  f a i l e d  to  r e c o g n i z e  t h e  im p o r tan ce  o f  h i s  o b s e r v a t i o n s ,  
bu t  he  d id  p o i n t  ou t  p o s s i b l e  a e s t h e t i c  and d e l e t e r i o u s  e f f e c t  o f  m i c r o ­
b i a l  a c t i v i t y  i n  m i n e r a l  o i l .
I n  1935,  M a l iy an tz  r e p o r t e d  e x p e r im e n t s  on th e  d e s u l f u r i z a t i o n  of  
p e t r o l e u m  by S p i r i l l u m  a e s t u a r i i  i n  a s u l f u r - f r e e  medium. He o b s e rv e d  
p a r t i a l  remova l  o f  th e  s u l f u r  from p e t ro l e u m  w i t h  t h e  a c c u m u l a t i o n  o f  
h ydrogen  s u l f i d e  i n  the  medium. When " t h i o a c i d  b a c t e r i a "  i s o l a t e d  
from c l a y  and o i l - b e a r i n g  sands  were  employed,  t h e  s u l f u r  compounds 
w ere  o x i d i z e d  t o  s u l f u r i c  a c i d  a t  t h e  expense  o f  t h e  p e t r o l e u m  which  
was r e a d i l y  a t t a c k e d .
I n  a l a t e r  and more d e t a i l e d  s t u d y ,  M a l i y a n tz  (1936)  compared 
a s p a r a g i n e  a s  a ca rb o n  and  n i t r o g e n  s o u r c e  w i t h  a medium c o n t a i n i n g  
ammonium n i t r a t e ,  a s p a r a g i n e ,  and a t r a c e  o f  f e r r o u s  s u l f a t e .  He 
r e p o r t e d  t h a t  t h e  a d d i t i o n  o f  ammonium n i t r a t e  and f e r r o u s  s u l f a t e  
t o  t h e  medium c o m p le t e ly  i n h i b i t e d  d e s u l f u r i z a t i o n  of  c r u d e  o i l s  o f  
h ig h  s u l f u r  c o n t e n t  by j3. a e s t u a r i i . I n  the  a s p a r a g i n e  medium s u l f u r  
a cc u m u la te d  i n  t h e  form o f  hydrogen  s u l f i d e .  The amount o f  d e s u l f u r i ­
z a t i o n  t h a t  o c c u r r e d  was c o n s i d e r e d  i n s i g n i f i c a n t ,  however ,  and 
M a l i y a n tz  t h o u g h t  h i s  f i n d i n g s  were  o f  i n t e r e s t  b u t  o f  no p r a c t i c a l  
im p o r ta n c e .
I t  was n o t  u n t i l  1950 t h a t  a d d i t i o n a l  e f f o r t s  were  made t o  u t i l i z e  
m ic roo rgan ism s  f o r  t h e  d e s u l f u r i z a t i o n  o f  p e t r o l e u m .  At t h i s  t ime 
S t r a w i n s k i  (1950) o u t l i n e d  a d e t a i l e d  p r o c e d u r e  f o r  t h e  remova l  o f  
s u l f u r  compounds from c ru d e  o i l s  o r  f r a c t i o n s  t h e r e o f .  A cco rd ing  to  
t h e  S t r a w i n s k i  p a t e n t ,  t h e  p r o c e s s  c o u ld  be c a r r i e d  o u t  i n  a s u l f u r - f r e e  
m i n e r a l  s a l t s  medium c o n t a i n i n g  d i v e r t i n g  a g e n t s  such  as c a r b o h y d r a t e s .  
The d i v e r t e r s  would  t h e o r e t i c a l l y  m in im ize  t h e  u t i l i z a t i o n  o f  h y d ro c a rb o n
components o f  the  c ru d e  o i l .  Mixed c u l t u r e s  were  a l s o  s u g g e s t e d  by 
S t r a w i n s k i  a s  a p o s s i b l e  means o f  e x p e d i t i n g  th e  p r o c e s s  o f  d e s u l f u r i z a ­
t i o n  and f o r  r e d u c i n g  o x i d i z e d  i n o r g a n i c - s u l f u r  t o  s u l f i d e .
A n o th e r  p a t e n t  was o b t a i n e d  by S t r a w i n s k i  i n  1951 which d e a l t  w i t h  
t h e  d e s u l f u r i z a t i o n  o f  more complex o r g a n i c  s u l f u r - c o n t a i n i n g  s t r u c ­
t u r e s .  He proposed  a 2 - s t e p  p r o c e s s  i n v o l v i n g  t h e  r e l e a s e  o f  s u l f u r  i n  
an  o x i d i z e d  i n o r g a n i c  form, and i t s  s u b s e q u e n t  r e d u c t i o n  to  a r e a d i l y  
removable  form,  such  a s  s u l f i d e .
S t r a w i n s k i  s u g g e s t e d  t h e  use  o f  s p e c i e s  o f  Pseudomonas,
A l c a l i g e n e s  and B a c i l l u s  to  c a r r y  o u t  t h e  f i r s t  s t e p  o f  t h e  p u r i f i c a ­
t i o n ,  and t h e  use  o f  s u l f a t e - r e d u c i n g  b a c t e r i a  such  as  V i b r i o  
d e s u l f u r i c a n s , V ib r io  a e s t u a r i i , V i b r i o  t h e r m o d e s u l f u r i c a n s  and 
D e s u l f o v i b r i o  i n  the  second  s t e p .
A r e c e n t  r e p o r t  on m i c r o b i a l  d e s u l f u r i z a t i o n  was made by R og o f f ,  
S i lv e r m a n ,  and Wender i n  1960 and in v o l v e d  t h e  remova l  o f  i n o r g a n i c  
s u l f u r  from f i n e l y  g round c o a l .  They a l s o  m en t ioned  t h e  p o s s i b i l i t y  
o f  removing  o r g a n i c a l l y - b o u n d  s u l f u r  from c o a l .
R ogof f ,  e_t a T . , (1960) employed T h i o b a c i l l u s  t h i o o x i d a n s  and 
F e r r o b a c i l l u s  f e r r o o x i d a n s  and were  a b l e  t o  d e m o n s t r a t e  t h e  r e l e a s e  o f  
o x i d i z e d  forms o f  s u l f u r  from p y r i t e  and m a r c a s i t e  i n  f i n e l y  ground 
samples  o f  c o a l .  They s u g g e s t e d  t h e  u s e  o f  s u l f a t e - r e d u c i n g  b a c t e r i a  
t o  re d u c e  t h e  o x i d i z e d  s u l f u r  to  s u l f i d e .  The p o s s i b l e  u s e  o f  mixed 
c u l t u r e s  was a l s o  i n v e s t i g a t e d  w i t h  l i m i t e d  s u c c e s s .
MATERIALS AND METHODS
E n r ich m en ts
Media
E n r i c h m e n t s  d e s i g n e d  to  s e l e c t  o rg an is m s  c a p a b l e  o f  u t i l i z i n g  
d i b e n z o t h i o p h e n e  (DBT) a s  a  s o l e  s o u r c e  o f  c a r b o n ,  s u l f u r ,  and ene rgy  
w ere  s e t  up  i n  a  m i n e r a l  s a l t s  medium f r e e  o f  added  i n o r g a n i c - s u l f u r .
The m i n e r a l  s a l t s  medium (Medium 1) was p r e p a r e d  i n  b u l k ,  g e n e r a l l y  i n  
20 l i t e r  a m o u n ts ,  a s  two s e p a r a t e  s o l u t i o n s .  S o l u t i o n  1 c o n t a i n e d  20 
p e r  c e n t  N a^ P O ^  and 5 2 . 6  p e r  c e n t  K2 HP04 . S o l u t i o n  2 was composed o f  
NH4 N03 , 1 .35  g;  MgCl2 . 6 H2 ) ,  0 .2 5  g;  MnCl2 .4H2 0 ,  0 . 1  g;  CaC03 , 0 .0 1  g; 
FeC l 2 . 4 H2 ) ,  0 . 0 1  g i n  990 ml of  d i s t i l l e d  w a t e r .
Mold c o n t a m i n a t i o n  was p r e v e n t e d  i n  s o l u t i o n  1 by s t e r i l i z a t i o n
a t  121 C f o r  20 m in u te s  and d i s p e n s i n g  i t  a s e p t i c a l l y .  One l i t e r  of  
medium was p r e p a r e d  by m ix ing  10 ml o f  s o l u t i o n  1 w i t h  990 ml o f  
s o l u t i o n  2 .  The medium was a d j u s t e d  to  pH 7 . 5 ,  d i s p e n s e d  i n  t h e  
d e s i r e d  amounts  to  c u l t u r e  b a t t l e s ,  and s t e r i l i z e d  a t  121 C f o r  20 
m i n u t e s .
P r o c e d u r e s
E n r i c h m e n t s  were  c a r r i e d  o u t  i n  6  oz p r e s c r i p t i o n  b o t t l e s  con­
t a i n i n g  40 o r  150 ml o f  Medium 1 depend ing  on th e  oxygen t e n s i o n  to  be 
m a i n t a i n e d .  S u f f i c i e n t  DBT (M atheson ,  Coleman and  B e l l ,  E a s t  R u t h e r f o r d ,  
N. J . )  was added  t o  each  b o t t l e  t o  g iv e  a c o n c e n t r a t i o n  o f  o r g a n i c a l l y -  
bound s u l f u r  o f  0 . 1  p e r  c e n t  ( 0 . 7  g i n  40 ml and 2 . 6  g i n  150 m l ) .
A f i v e  p e r  c e n t  (wet  w e i g h t )  s o i l  ino c u lu m  was employed.  The
s o i l ,  s u p p l i e d  by ESSO R e s e a rc h  L a b o r a t o r i e s ,  Baton Rouge,  L o u i s i a n a ,
was c o l l e c t e d  i n  F a w le y ,  Eng land  from a n  a r e a  n e a r  s t o r a g e  ta n k s  c o n ­
t a i n i n g  Kuwait  Crude o i l .
The b o t t l e s  w e re  i n c u b a t e d  a t  room t e m p e r a t u r e  on a New Brunswick  
r o t a r y  s h a k e r  s e t  a t  200 rpm. B o t t l e s  to  be m a i n t a i n e d  u n d e r  a e r o b i c  
c o n d i t i o n s  w ere  capped  w i t h  s t e r i l e  2 x 2  gauze  pads  (Zobec  Sponges ,  
Jo h n so n  and  J o h n s o n ,  New Brunswick ,  N. J . ) ;  t h o s e  t o  be  m a i n t a i n e d  
u n d e r  a n a e r o b i c  c o n d i t i o n s  were  s e a l e d  w i t h  S a ra n  wrap  12, 100 gauge 
(Dow Chem ical  Company, M id la n d ,  M i c h i g a n ) . E i g h t  s e r i a l  t r a n s f e r s  were 
made d u r i n g  a  p e r i o d  o f  90 d a y s .  E n r ichm en t  c u l t u r e s  were  checked  
p e r i o d i c a l l y  f o r  c o l o r ,  o d o r ,  pH, t i t r a b l e  a c i d i t y  and s u l f i d e - i o n s  
(Budd and  Bewick, 1952) .
I s o l a t i o n
Media
M in e r a l  s a l t s  a g a r  p l a t e s  were  p r e p a r e d  by a d d in g  2 p e r  c e n t  
Bacto a g a r  and 1 p e r  c e n t  o f  t h e  o r g a n i c  s u b s t r a t e ,  DBT o r  Kuwait 
r e s id u u m  (KR) to  Medium 1. Kuwait  r e s id u u m ,  a p e t r o l e u m  f r a c t i o n  o f  
h i g h  i n o r g a n i c  s u l f u r ,  was o b t a i n e d  f rom th e  ESSO R e s e a rc h  L a b o r a t o r i e s ,  
Baton Rouge,  La.  A f t e r  s t e r i l i z a t i o n ,  and  w h i l e  s t i l l  a t  a p p r o x i m a t e l y  
100 C, t h e  medium was p a s s e d  th r o u g h  a h e a t e d  (100 t o  105 C) hand 
hom ogen ize r  ( F i g u r e  1) d i r e c t l y  i n t o  s t e r i l e  P e t r i  d i s h e s .  P l a t e s  
w e re  a l s o  p r e p a r e d  by p o u r in g  a l a y e r  o f  b a s a l  m i n e r a l  s a l t s  a g a r  l e s s  
t h e  o r g a n i c  s u b s t r a t e ,  and  th e n  ad d in g  a t h i n  l a y e r  o f  t h e  a g a r  c o n ­
t a i n i n g  t h e  DBT o r  Kuwait  r e s id u u m .
P r o c e d u r e s
T e n - f o l d  d i l u t i o n s  o f  t h e  8 t h  e n r i c h m e n t  c u l t u r e  were  p r e p a r e d
F i g u r e  1. Hand homogenizer  w i t h  h e a t i n g  c o i l  (E,  A. 
S a r g e n t ,  No. 61615).
and 0 . 1  ml o f  t h e  10 and 10 d i l u t i o n s  were  s p r e a d  on DBT and KR 
m i n e r a l  s a l t s  a g a r  p l a t e s  w i t h  s t e r i l e ,  b e n t  g l a s s  r o d s .  The a e r o b i c  
p l a t e s  were i n c u b a t e d  i n  a c h e s t  c o n t a i n i n g  a s m a l l  amount o f  w a t e r  to  
r e d u c e  e v a p o r a t i o n ;  a n a e r o b i c  p l a t e s  were  i n c u b a t e d  i n  Brewer a n a e r o b i c  
j a r s  from which, t h e  oxygen was removed by c a t a l y z i n g  i t s  r e a c t i o n  w i t h  
hydrogen  t o  form w a t e r .  A l l  p l a t e s  were  i n c u b a t e d  a t  am b ien t  t e m p e r a ­
t u r e  (25 C).
A f t e r  3 weeks o f  i n c u b a t i o n ,  i s o l a t e d  c o l o n i e s  were  p i c k e d  from 
th e  p l a t e s  t o  2 oz p r e s c r i p t i o n  b o t t l e s  c o n t a i n i n g  10 ml o f  Medium 1 
and 0 . 1  g DBT. The b o t t l e s  were  capped w i t h  s t e r i l e  gauze  pads and 
i n c u b a t e d  a t  30 C on a r o t a r y  s h a k e r  (200 r p m ) .
R e d u c i b l e - s u l f u r  B io a s s ay
Because o f  the  l a c k  o f  a s e n s i t i v e  t e s t  f o r  t h e  v a r i o u s  o x i d i z e d  
forms o f  i n o r g a n i c  s u l f u r  i n  a complex m i n e r a l  s a l t s  medium, a m i c r o ­
b i o l o g i c a l  a s s a y  p ro c e d u re  was d e v e lo p e d .
Media
Medium SR-I was employed i n  s u l f a t e - r e d u c e r  en r i c h m e n t  p r o c e ­
d u r e s .  I t  was composed o f  t h e  f o l l o w i n g :  CaCO^, 0 .0 1  g; F e S O ^ ^ ^ O ,
0 . 0 1  g; I^HPO^, 0 .5  g; Na2 S0 ^ ,  1 .0  g; MgSO^.^O, 2 . 0  g; 1 - a s p a r a g i n e  . ^ 0 ,
1 .0  g; Carboxy Methyl C e l l u l o s e  (High V i s c o s i t y  Type 7HP, H e rc u le s  
Powder Company, W i lm ing ton ,  D e la w a re ) ,  5 . 0  g; l a c t i c  a c i d  (85 p e r  c e n t ) ,
5 ml;  t a p  w a t e r ,  1 l i t e r .  The medium was a d j u s t e d  to  pH 7 .7  w i t h  10 
p e r  c e n t  NaOH, d i s p e n s e d  i n  6  oz p r e s c r i p t i o n  b o t t l e s  i n  100 t o  150 ml 
am oun ts ,  and s t e r i l i z e d  a t  121 C f o r  20 m i n u t e s .
Two media were  employed f o r  t h e  b i o a s s a y ;  S R - I I  f o r  t h e  p r o d u c t i o n
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of  c e l l s  and m a in ten a n ce  o f  s t o c k  c u l t u r e s ,  and S R - I I I  f o r  th e  a c t u a l  
b ioa .s say .  Medium SR-I I  was p r e p a r e d  i n  3 p a r t s ;  S o l u t i o n  1 c o n t a i n e d  
CaCl2 .2H2 0 ,  0 . 1  g; Na2 S04 , 0 .5  g;  K2 HP04 .3H2 0 ,  0 .6 5  g;  NH4 C1, 1 .0  g; 
CaC0 3 , 1 .00 g;  MgS0^.7H2 0 ,  2 .0 0  g i n  450 ml o f  d i s t i l l e d  w a t e r .  S o l u ­
t i o n  2 c o n s i s t e d  o f  l a c t i c  a c i d  (85 p e r  c e n t ) ,  3 .00  ml; 25 p e r  c e n t  
NaOH, 5 .5  ml;  d i s t i l l e d  w a t e r ,  1.5 ml.  S o l u t i o n  3 was p r e p a r e d  by 
ad d in g  15.0  g o f  anhydrous  Na2 S0^ t o  100 ml o f  d i s t i l l e d  w a t e r .  S o l u ­
t i o n s  1 and 2 were  mixed and th e  volume was a d j u s t e d  to  900 ml w i t h  
d i s t i l l e d  w a t e r .  This  s o l u t i o n  was t h e n  a d j u s t e d  t o  pH 7 . 8 ,  d i s p e n s e d  
i n  t h e  d e s i r e d  am ounts ,  and s t e r i l i z e d  a t  121 C f o r  20 m i n u t e s .  S o l u ­
t i o n  3 was s t e r i l i z e d  by p a s s a g e  th ro u g h  a m i l l i p o r e  f i l t e r .  S t e r i l e  
s o l u t i o n  3 was th e n  added  t o  t h e  s t e r i l e  b a s a l  medium ( s o l u t i o n s  1 and 
2 ) ,  The pH o f  t h e  b a s a l  medium f o l l o w i n g  s t e r i l i z a t i o n  was 7 .3  and 
a f t e r  t h e  a d d i t i o n  o f  s o l u t i o n  3 was 3 . 3 .  Before  i n o c u l a t i n g  the  
medium, a t r a c e  o f  f e r r o u s  ammonium s u l f a t e  washed w i t h  70 p e r  c e n t  
e t h a n o l  was added.
S R - I I I ,  t h e  b i o a s s a y  medium, was p r e p a r e d  i n  2 p o r t i o n s :
S o l u t i o n  1 was composed of  l ^ H P O ^ S ^ O ,  0 .65  g; NH4 C1, 1 .0  g; CaCO^,
1.0 g;  MgCl.2 ,4H2 0 ,  1 . 6  g i n  990 ml o f  d i s t i l l e d  w a t e r .  S o l u t i o n  2 
c o n t a i n e d  l a c t i c  a c i d  (85 p e r  c e n t ) ,  3 ml;  25 p e r  c e n t  NaOH, 5 .5  ml 
and d i s t i l l e d  w a t e r ,  1.5 ml.  The 2 s o l u t i o n s  w ere  combined and 0 . 1  
g o f  FeCl 2 .4H20 c r y s t a l s  washed w i t h  d i s t i l l e d  w a t e r  was added .  The 
medium was a d j u s t e d  t o  pH 7 .5  and  d i s p e n s e d  w i t h o u t  s t e r i l i z a t i o n  
d i r e c t l y  i n t o  t h e  b i o a s s a y  u n i t s  ( 2  oz p r e s c r i p t i o n  b o t t l e s )  o r  a u t o -  
c l a v e d  i n  b u lk  a t  121 C f o r  30 m i n u t e s .
S u l f a t e - r e d u c i n g  c u l t u r e
A p a r t i a l l y  p u r i f i e d  c u l t u r e  o f  s u l f a t e - r e d u c i n g  b a c t e r i a  was
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o b t a i n e d  by s o i l  en r ic h m en t  p ro c e d u re s  i n  6  oz p r e s c r i p t i o n  b o t t l e s  
c o m p l e t e l y  f i l l e d  w i t h  Medium SR-I .  The h ig h  c o n c e n t r a t i o n  o f  s u l f i d e -  
i o n s  formed by t h e  c u l t u r e  e l i m i n a t e d  many o f  t h e  c o n t a m i n a t i n g  o r g a n ­
i sm s .  F u r t h e r  p u r i f i c a t i o n  was a c c o m p l i sh e d  by r e p e a t e d  t r a n s f e r s  o f  t h e  
c u l t u r e  i n  SR -I I  medium c o n t a i n i n g  2 p e r  c e n t  Na2 S0 g.
P r e p a r a t i o n  o f  inocu lum
The s u l f a t e - r e d u c i n g  o rgan ism s  were  grown i n  15 l i t e r  ca rboys  
c o n t a i n i n g  Medium SR -I I  and were i n c u b a t e d  f o r  3 days a t  30 C. The 
c e l l s  were  h a r v e s t e d  i n  a S h a r p i e s  S u p e r c e n t r i f u g e  a t  40 ,0 0 0  rpm. The 
c e l l  p a s t e  was t h o r o u g h l y  mixed and weighed  o u t  i n  0 , 2 5 ,  0 . 5 ,  and 1 g 
p o r t i o n s  on S a ran  wrap .  Each p o r t i o n  was wrapped s e p a r a t e l y  and s t o r e d  
a t  -20  C. A new b a t c h  o f  c e l l s  was p r e p a r e d  e v e r y  30 to  40 d a y s .  F i v e -  
t e n t h s  ml o f  a 1  p e r  c e n t  s u s p e n s i o n  o f  c e l l  p a s t e  was added  t o  each 
b i o a s s a y  u n i t .
B ioa ssay  p ro c e d u re
The b i o a s s a y  was s e t  up i n  t r i p l i c a t e  i n  2 oz p r e s c r i p t i o n  b o t t l e s  
w i t h  10 ml o f  t h e  s t e r i l i z e d  sample .  S ta n d a rd s  c o n t a i n i n g  50 ,  100, 250 ,  
600,  and 1,500 pmoles  s u l f u r  p e r  l i t e r  were  s e t  up r o u t i n e l y  w i t h  each  
b i o a s s a y .  A l l  u n i t s  were  i n c u b a t e d  a t  30 C f o r  3 o r  more days depend­
in g  on t h e  a c t i v i t y  o f  t h e  s u l f a t e - r e d u c i n g  c u l t u r e .
The s u l f i d e - i o n  c o n t e n t  of  a l l  u n i t s  was d e t e rm in e d  by th e  method 
d e s c r i b e d  by Budd and Bewick (1952) b a s e d  on th e  f o r m a t i o n  o f  m e thy lene  
b lu e  from p - a m i n o d i m e t h y l a n i l i n e . The i n t e n s i t y  o f  th e  b lu e  c o l o r  was 
measured  i n  a Bausch and Lomb " S p e c t r o n i c  20" s p e c t r o p h o t o m e t e r  a t  660 
o r  710 mp, Two s t a n d a r d  c u rv e s  were p l o t t e d  t o  i n c r e a s e  t h e  s e n s i t i v i t y  
o f  t h e  b i o a s s a y .  S t a n d a rd s  c o n t a i n i n g  50,  100,  and 250 pm oles  o f  s u l f u r
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pe r  l i t e r  were  r e a d  a t  600 and  th o s e  c o n t a i n i n g  250,  600,  and 1 ,500  
/ imoles o f  s u l f u r  p e r  l i t e r  were r e a d  a t  710 mp. This  gave  a range  o f  50 
t o  1 ,500  ^imoles o f  s u l f u r  per  l i t e r .  I n c u b a t i o n  o f  t h e  b i o a s s a y  was 
c o n t i n u e d  u n t i l  t r i p l i c a t e  s t a n d a r d s  c o n t a i n i n g  1,500 umoles o f  s u l f u r  
pe r  l i t e r  gave a r e a d i n g  o f  38 to  45 per  c e n t  t r a n s m i t t a n c e  on the  
s p e c t r o p h o t o m e t e r .
The f o l l o w i n g  e q u a t i o n s  f o r  t h e  n o n - l i n e a r  c o r r e l a t i o n  o f  two
v a r i a b l e s  were  employed to  e v a l u a t e  the  s t a n d a r d  cu rv es  and  t o  e s t a b l i s h
an  e s t i m a t i n g  e q u a t i o n  (C rox ton ,  1959).
I  C lo g  Y = N log  a + ( X  log  b
I I  Clog Y*X = CX lo g  a + <X2  log  b
The s t a n d a r d  d e v i a t i o n  was c a l c u l a t e d  u s in g  t h e  f o l l o w i n g  e q u a t i o n :
SX.Y = ^ /  log a 2  - ( l o g  a  q  - log  b j X)
Y e q u a l s  t h e  c o n c e n t r a t i o n  o f  s u l f u r  i n  ^imoles p e r  l i t e r .  X i s  t h e  
o p t i c a l  d e n s i t y  o f  t h e  sample,  and N th e  number o f  p o i n t s  on th e  c u r v e .  
The amount o f  s u l f i d e - i o n  i n  each  sample was d e t e rm in e d  by s u b s t i t u t i n g  
i n  t h e  e q u a t i o n ,  log  Y = [(X log  b) - log a]  t  Sx < y .
S to c k  C u l t u r e s
S to c k  c u l t u r e s  o f  th e  d ib e n z o th io p h e n e  o x i d i z i n g  o rgan ism s  w ere  
m a i n t a i n e d  i n  an  a c t i v e  s t a t e  by s e r i a l  t r a n s f e r s  a t  2 t o  4 day i n t e r ­
v a l s .  The c u l t u r e s  were  m a i n t a i n e d  i n  4 oz ,  f l i n t  g l a s s ,  narrow mouth 
b o t t l e s  o f  "French  s q u a r e "  d e s i g n  (E.  A. S a r g e n t  No. S-8275) c o n t a i n i n g  
20 o r  30 ml o f  Medium 2 o r  3 and  1 p e r  c e n t  s t e r i l e  DBT ( s e e  s e c t i o n  
be low ) .  The b o t t l e s  were  capped  w i t h  s t e r i l e  gauze  pads and i n c u b a t e d  
a t  30 C u n d e r  shake  c o n d i t i o n s  (200  rp m ) .
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P h y s i o l o g i c a l  and N u t r i t i o n a l  S t u d i e s
Media
P h y s i o l o g i c a l  and  n u t r i t i o n a l  s t u d i e s  were  c a r r i e d  o u t  i n  one o f  
two m e d ia ,  Medium 2 o r  Medium 3.  These were  t h e  same a s  Medium 1 
e x c e p t  f o r  t h e  s u b s t i t u t i o n  o f  NH^Cl (Medium 2) f o r  t h e  NH4 NO3  and t h e  
p h o s p h a t e  b u f f e r  ( s o l u t i o n  1) was d o u b le d  i n  Medium 3.
D ib e n z o th io p h e n e  (DBT) was w e ighed  ou t  i n  t h e  d e s i r e d  am oun ts ,  
p l a c e d  i n  s t e r i l e  t e s t  t u b e s ,  and a l l o w e d  to  i n c u b a t e  a t  room t e m p e ra ­
t u r e  f o r  a t  l e a s t  7 days b e f o r e  u s e .  The DBT p r e p a r e d  i n  t h i s  manner 
was found  t o  be s t e r i l e  when added  t o  n u t r i e n t  b r o t h ,  b r a i n  h e a r t  i n ­
f u s i o n  ( D i f c o )  and  Medium 3 . .
P r e p a r a t i o n  o f  in ocu lum
A s t a n d a r d  inocu lum  was p r e p a r e d  by c u l t u r i n g  th e  o rg a n i s m  i n  h a l f  
g a l l o n  m i l k  b o t t l e s  c o n t a i n i n g  200 ml o f  Medium 2 o r  3 and  0 .2 5  p e r  
c e n t  DBT. The u n i t s  were  i n c u b a t e d  f o r  3 days a t  30 C on a r o t a r y  
s h a k e r  a t  150 rpm. E xcess  DBT was removed a t  t h e  end o f  t h e  i n c u b a t i o n  
p e r i o d  by f i l t e r i n g  th r o u g h  s t e r i l e  Reeve Angel  No. 202 f i l t e r  p a p e r .
The f i l t r a t e  was c e n t r i f u g e d  a t  3000 rpm a t  4 to  5 C f o r  40 m i n u t e s .
The c e l l s  w ere  then  washed once  w i t h  d i s t i l l e d  w a t e r ,  once w i t h  
Medium 2 o r  3 ,  and r e s u s p e n d e d  i n  s u f f i c i e n t  volume o f  medium t o  g i v e  a 
r e a d i n g  o f  30 p e r  c e n t  t r a n s m i t t a n c e  a t  425 mu i n  a s p e c t r o p h o t o m e t e r  
when d i l u t e d  1  t o  10.  A 0 .5  p e r  c e n t  inocu lum  was employed u n l e s s  o t h e r ­
w i s e  s t a t e d .
P r o c e d u r e s
A l l  s t u d i e s  were  c a r r i e d  o u t  i n  4 oz s q u a r e  b o t t l e s  c o n t a i n i n g  
30 ml o f  medium and 1 p e r  c e n t  DBT u n l e s s  o t h e r w i s e  s t a t e d .  A e r a t i o n
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and mixing  were a c c o m p l i sh e d  by i n c u b a t i o n  on r o t a r y  s h a k e r s  a t  2 0 0  rpm. 
The t e m p e r a t u r e  was m a i n t a i n e d  a t  30 C th ro u g h o u t  t h e  s t u d i e s .
B a c t e r i a l  Counts 
E s t i m a t e s  o f  t h e  numbers o f  v i a b l e  o rgan ism s  were  made by th e  
s y s t e m a t i c  s u r f a c e - s t r e a k  method o f  L indsey  (1959) on t r y p t o n e  g l u c o s e  
e x t r a c t  a g a r  (D i fco )  o r  on DBT m i n e r a l  s a l t s  a g a r  p l a t e s .
C h a r a c t e r i z a t i o n  o f  Organisms 
Media and s t a i n s  employed i n  t h e  i d e n t i f i c a t i o n  s t u d i e s  were 
p r e p a r e d  a c c o r d i n g  t o  t h e  Committee on B a c t e r i o l o g i c a l  T e c h n ic ,  S o c i e t y  
o f  Amer ican  B a c t e r i o l o g i s t s  ( 1 9 5 7 ) .
Chemical  P ro c e d u re s
D i s t i l l a t i o n  p ro c e d u re s  ( P e l c z a r ,  Hansen,  and Konetzka ,  1955)
V o l a t i l e  n e u t r a l  compounds: The f e r m e n t a t i o n  s o l u t i o n  was a d ­
j u s t e d  to  pH 7 ,5  w i t h  NaOH and a p p r o x i m a t e l y  h a l f  t h e  volume was d i s ­
t i l l e d  i n t o  a c o l d  c o l l e c t i o n  f l a s k .  P o ta s s iu m  d ic h ro m a te  and p h o s p h o r i c  
a c i d  were  added to  t h e  d i s t i l l a t e  and r e f l u x e d  t o  o x i d i z e  t h e  n e u t r a l  
compounds t o  t h e i r  c o r r e s p o n d i n g  a c i d s .  The a c i d s  were  d i s t i l l e d  from 
t h e  o x i d i z i n g  s o l u t i o n  and t i t r a t e d  w i t h  s t a n d a r d  b a s e .  An a l i q u o t  o f  
u n i n o c u l a t e d  medium was t r e a t e d  i n  a s i m i l a r  manner a s  a c o n t r o l .
V o l a t i l e  a c i d s :  The r e s i d u e  from t h e  a l k a l i n e  d i s t i l l a t i o n  p r o ­
c e d u re  was a d j u s t e d  to  pH 3 .0  w i t h  s u l f u r i c  a c i d ,  and t h e  v o l a t i l e  a c i d s  
were c o l l e c t e d  by s team  d i s t i l l a t i o n .  S t a n d a rd  b a s e  was employed to  
t i t r a t e  t h e  a c i d s  p r e s e n t  i n  t h e  d i s t i l l a t e .
E x t r a c t i o n  p r o c e d u re s
A K u t s c h e r - S t e u d e l  type  c o n t in u o u s  e x t r a c t o r  ( W e i s s b e r g e r ,  1950)
15
was employed to  remove e t h e r  s o l u b l e  n e u t r a l  and a c i d i c  compounds from 
t h e  f e r m e n t a t i o n  s o l u t i o n .  The c u l t u r e  s o l u t i o n  was a d j u s t e d  t o  pH 7 .5  
f o r  th e  e x t r a c t i o n  o f  n e u t r a l  compounds and a d j u s t e d  t o  pH 3 . 0  f o r  t h e  
rem ova l  o f  o r g a n i c  a c i d s .  E x t r a c t s  were  t e s t e d  f o r  a l c o h o l s  w i t h  e e r i e  
n i t r a t e ,  f o r  a l d e h y d e s  and k e t o n e s  w i t h  2 , 4 - d i n i t r o p h e n y l h y d r a z i n e  
( S h r i n e r  and  F u so n ,  1948) ,  and t i t r a t e d  w i t h  s t a n d a r d  b a s e  t o  e s t a b l i s h  
t h e  p r e s e n c e  o f  a c i d s .
S u l f a t e
T e s t s  f o r  s u l f a t e  w h ich  i n v o l v e  t h e  f o r m a t i o n  o f  ba r ium  s a l t s  a r e  
e s s e n t i a l l y  u s e l e s s  i n  t h e  p r e s e n c e  o f  i n o r g a n i c  p h o s p h a t e .  I t  was 
t h e r e f o r e  n e c e s s a r y  t o  remove t h e  p h o s p h a t e  from t h e  c u l t u r e  medium 
b e f o r e  em ploy ing  such  t e s t s .  The p h o s p h a te  was removed from t h e  f e r ­
m e n t a t i o n  s o l u t i o n  as  ammonium magnesium p h o s p h a te  by t h e  p r o c e d u r e  of  
Hawk, O se r ,  and Summerson ( 1 9 4 8 ) .  Magnesium c h l o r i d e  was s u b s t i t u t e d  
f o r  t h e  magnesium s u l f a t e  n o r m a l l y  employed i n  t h e  p r o c e d u r e  f o r  obv ious  
r e a s o n s .  The p r e c i p i t a t e  was removed by c e n t r i f u g a t i o n  a t  2 , 0 0 0  rpm 
f o r  15 m i n u t e s .  Bes t  r e s u l t s  were  o b t a i n e d  when t h e  t r e a t e d  sam ples  
w ere  s t o r e d  o v e r n i g h t  a t  5 C.
Th i s  p r o c e d u r e  was s a t i s f a c t o r y  f o r  t h e  q u a l i t a t i v e  a n a l y s i s  of  
s u l f a t e  bu t  d id  n o t  s e r v e  a s  a q u a n t i t a t i v e  p r o c e d u r e  b e c a u se  s u l f a t e  
was l o s t  d u r i n g  t h e  p r e c i p i t a t i o n  s t e p .  S u l f a t e  was d e t e r m i n e d  i n  t h e  
s u p e r n a t a n t  s o l u t i o n  by t h e  method o f  Lysy j  and Zarembo (1959) employ­
in g  b a r iu m  c h l o r a n i l a t e .
T o t a l  s u l f u r
T o t a l  s u l f u r  was d e t e r m i n e d  a s  s u l f a t e  f o l l o w i n g  c o m b u s t io n  i n  
a S c h S n ig e r  u n i t  (F&M S c i e n t i f i c  I n c . ,  W i lm in g to n ,  D elaware)  by t h e
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p r o c e d u r e s  of  Lysyj.'. and Zarembo (1958 and 1959) .
D ib en zo th io p h en e
The u l t r a - v i o l e t  (UV) a b s o r p t i o n  p r o p e r t i e s  o f  DBT were  u t i l i z e d  
to  d e s i g n  a q u a n t i t a t i v e  s p e c t r o p h o t o m e t r i c  a n a l y t i c a l  p r o c e d u r e .  Two 
c u r v e s  were  e s t a b l i s h e d  employing a c t a n d a r d  s o l u t i o n  o f  DBT i n  i s o ­
o c t a n e  ( S p e c t r o q u a l i t y  R eage n t ,  Matheson ,  Coleman and  B e l l ,  E a s t  
R u t h e r f o r d ,  N. J . )  a t  286 and 326 mjj on a Beckman Model DU S p e c t r o ­
p h o to m e te r  .
DBT was e x t r a c t e d  q u a n t i t a t i v e l y  from f e r m e n t a t i o n  u n i t s  w i t h  i s o ­
o c t a n e .  The c o n c e n t r a t i o n  of  DBT in  th e  s o l v e n t  was t h e n  d e t e rm in e d  in  
a p p r o p r i a t e  d i l u t i o n s  i n  t h e  s p e c t r o p h o t o m e t e r  a t  286 and 326 mjj. Be­
ca u s e  o f  t h e  s i m i l a r i t y  o f  t h e  UV a b s o r p t i o n  s p e c t r a  o f  a r o m a t i c  com­
pounds ,  t h e  sp ec t ru m  o f  samples  was checked  and compared w i th  t h a t  o f  
t h e  s t a n d a r d  DBT s o l u t i o n .  The s t a n d a r d  cu rves  were  a n a l y z e d  s t a t i s ­
t i c a l l y  by th e  method o f  Crox ton  (1959) and e s t i m a t i n g  e q u a t i o n s  were 
e s t a b l i s h e d  as  d e s c r i b e d  f o r  t h e  r e d u c i b l e - s u l f u r  b i o a s s a y .
R e s t i n g  C e l l  S t u d i e s
C e l l  s u s p e n s i o n s
The c e l l  s u s p e n s i o n s  were  p r e p a r e d  a s  d e s c r i b e d  f o r  th e  s t a n d a r d  
inocu lum  e x c e p t  t h a t  s t e r i l e  c o n d i t i o n s  were  no t  m a i n t a i n e d  d u r i n g  
f i l t r a t i o n  and c e n t r i f u g a t i o n .  When t h e  c e l l s  were  t o  be h a r v e s t e d  
f rom l a r g e  q u a n t i t i e s  o f  medium, t h e y  w ere  c o l l e c t e d  i n i t i a l l y  i n  t h e  
S h a r p i e s  S u p e r c e n t r i f u g e  a t  4 0 ,0 0 0  rpm. Before c e n t r i f u g a t i o n  t h e  c e l l s  
were  c o o l e d  t o  4 t o  5 C to  p r e s e r v e  a c t i v i t y .  The c e l l s  were  washed 
tw ic e  w i t h  d i s t i l l e d  w a t e r ,  once  i n  0 .05  M p h o s p h a te  b u f f e r  a t  pH 7 . 5 ,  
and  r e s u s p e n d e d  i n  a s u f f i c i e n t  volume o f  b u f f e r  t o  g i v e  a r e a d i n g  of
TABLE 1
R e fe re n c e  t a b l e  f o r  t h e  q u a l i t a t i v e  chem ica l  
a n a l y t i c a l  p r o c e d u r e s  employed
Compound T e s t R e fe r e n c e
A lcoho l s
Aldehydes  and 
k e t o n e s
P h e n o l i c s
S u l f o n i c  a c i d s
S u l f a t e
S u l f i t e
C e r i c  n i t r a t e S h r i n e r  and Fuson,  1948
2 , 4 - d i n i t r o p h e n y l -  S h r i n e r  and Fuson,  1948
h y d r a z i n e  .
F e r r i c  c h l o r i d e  S h r i n e r  and Fuson,  1948
Sodium fo r m a t e  F e ig l ' ,  1960
Barium c h l o r a n i l a t e  Lysyj  and Zarembo, 1959
S u l f i d e
Sodium n i t r o -  
p r u s s i d e
M a l a c h i t e  g re e n
M ethy lene  b l u e
F e i g l ,  1958
F e i g l ,  1958
Budd and Bewick,  1952
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45 p e r  c e n t  t r a n s m i t t a n c e  i n  t h e  s p e c t r o p h o t o m e t e r  when d i l u t e d  1  to  100.
The p r o t e i n  c o n t e n t  o f  t h e  c e l l  s u s p e n s i o n  was d e t e r m i n e d  by t h e  
b i u r e t  p r o c e d u r e  o f  S t i c k l a n d  (1951)  em ploying  c a s e i n  ( " V i t a m in  F r e e "  
c a s e i n ,  N u t r i t i o n a l  B iochem ica l  C o r p . ,  C l e v e l a n d  2 8 ,  Ohio) as  a s t a n d a r d .
Manometr ic  t e c h n i q u e s
M anomet r ic  s t u d i e s  were  c a r r i e d  o u t  a t  30 C i n  a n  a tm o s p h e re  o f  
a i r .  A l l  p r o c e d u r e s  employed were  s t a n d a r d  (U m b re i t ,  B u r r i s ,  and 
S t a u f f e r ,  1957) w i t h  t h e  f o l l o w i n g  e x c e p t i o n s .  L i q u id  and s o l i d  
s u b s t r a t e s  t h a t  were  n o t  r e a d i l y  s o l u b l e  i n  w a t e r  w ere  added  as 
l i q u i d s  o r  s o l i d s  d i r e c t l y  to  th e  Warburg f l a s k s .  In  i n s t a n c e s  where  
v e r y  s m a l l  q u a n t i t i e s  o f  w a t e r - i n s o l u b l e  s u b s t r a t e s  w ere  t o  be added ,  
t h e y  w ere  d i s s o l v e d  i n  e t h e r ,  and t h e  e t h e r  e v a p o r a t e d  from t h e  v e s s e l  
a t  40 C b e f o r e  a d d i t i o n  o f  o t h e r  m a t e r i a l s .
The Qc>2 v a l u e s  w ere  based  on t h e  uL o f  02 t a k e n  up p e r  5 mg o f  
c e l l  p r o t e i n  p e r  h o u r .
RESULTS AND DISCUSSION
Enr ichment and I s o l a t i o n
D ib e n z o th io p h e n e  e n r i c h m e n t s  o f  Fawley s o i l  w e re  s e r i a l l y  t r a n s ­
f e r r e d  8  t im es  w i t h i n  a p e r i o d  o f  90 d ay s .  No s i g n i f i c a n t  changes  i n  
pH o r  t i t r a b l e  a c i d i t y  were  o b s e rv e d  i n  any o f  th e  e n r i c h m e n t  c u l t u r e s ;  
however ,  i n  t h e  a n a e r o b i c  shake  e n r i c h m e n t s  a brown pigment  was n o t i c e ­
a b l e  a f t e r  s e v e r a l  days o f  i n c u b a t i o n .
_3
T e n - f o l d  d i l u t i o n s  o f  t h e  8 t h  t r a n s f e r  were p r e p a r e d  and th e  10 
and IQ" 5  d i l u t i o n s  were s t r e a k e d  on DBT and KR m i n e r a l  s a l t s  a g a r  p l a t e s .  
R e p r e s e n t a t i v e  c o l o n i e s  were p ic k e d  to  Medium 2 c o n t a i n i n g  1 p e r  c e n t  
DBT and t o  TGE a g a r  p l a t e s  a f t e r  3 weeks o f  i n c u b a t i o n .  No a t t e m p t  was 
made t o  m a i n t a i n  c u l t u r e s  o b t a i n e d  from t h e  a n a e r o b i c  p l a t e s  under  
r ed u ce d  oxygen t e n s i o n  i n  l i q u i d  c u l t u r e .
There  were  no a p p a r e n t  d i f f e r e n c e s  i n  the  o x i d a t i o n - r e d u c t i o n  
r e q u i r e m e n t s  o f  t h e  o rg a n i s m s ;  a l l  grew w e l l  on TGE a g a r  p l a t e s  i n ­
c u b a t e d  a e r o b i c a l l y .  A l s o ,  a n a e r o b i c  e n r i c h m e n t s  d i d  n o t  c o n t a i n  s u f ­
f i c i e n t  s u l f i d e - i o n  to  g i v e  a  p o s i t i v e  m e thy lene  b l u e  t e s t .  T h e r e f o r e ,  
s i n c e  t h e  p r im ary  r e a s o n  f o r  t h e s e  e n r i c h m e n t s  was t o  o b t a i n  c u l t u r e s  
t h a t  would  r e l e a s e  t h e  s u l f u r  i n  t h e  form o f  s u l f i d e - i o n ,  a n a e r o b i c  
s t u d i e s  were  d i s c o n t i n u e d .
S i x t y  c o l o n i e s  were  p ic k e d  from t h e  p l a t e s  to  t h e  l i q u i d  medium 
and to  TGE a g a r  p l a t e s .  A l l  b u t  3 i s o l a t e s  grew on t h e  TGE a g a r  on 
i n i t i a l  s t r e a k i n g .  A s i m i l a r  chec k  o f  t h e  l i q u i d  c u l t u r e s  a f t e r  4 days 
i n c u b a t i o n  i n d i c a t e d  t h a t  t h e  same 3 c u l t u r e s  f a i l e d  t o  grow u n d e r  t h e s e  
c o n d i t i o n s .
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S c r e e n i n g
A f t e r  2  weeks o f  i n c u b a t i o n  i n  l i q u i d  medium i n  2  oz p r e s c r i p t i o n  
b o t t l e s ,  t h e  c u l t u r e s  w ere  t r a n s f e r r e d  to  A oz c u l t u r e  b o t t l e s  c o n t a i n ­
i n g  20 ml of  Medium 2 and  one p e r  c e n t  DBT. At t h e  end o f  2 weeks o f  
i n c u b a t i o n  t h e  s e c o n d  t r a n s f e r s  w e re  a s s a y e d  f o r  i n o r g a n i c ,  r e d u c i b l e -  
s u l f u r  and a l l  w e re  found to  be n e g a t i v e .  I t  was d i f f i c u l t  t o  e x p l a i n  
t h i s  o b s e r v a t i o n  and a f t e r  some d e l i b e r a t i o n  a l l  o f  t h e  DBT c u l t u r e s  
w ere  t r a n s f e r r e d  t o  Medium 2 c o n t a i n i n g  Kuwait r e s id u u m  on c l a y  
( I s e n b e r g ,  1 961 ) .  The main  i n t e r e s t  o f  t h e  r e s e a r c h  program a t  t h a t  
t im e  was to  f i n d  o rg an is m s  o r  m i x t u r e s  o f  o rg an ism s  t h a t  were  c a p a b l e  
o f  d e s u l f u r i z i n g  t h e  r e s id u u m .
A second  t r a n s f e r  was made a t  t h e  end o f  7 days t o  KR c o n t a i n ­
in g  medium and  f o l l o w i n g  4 days o f  i n c u b a t i o n ,  was a s s a y e d  f o r  r e ­
d u c i b l e - s u l f u r .  Seven o f  t h e  57 c u l t u r e s  on KR had  a c c u m u la t e d  s i g n i ­
f i c a n t  amounts o f  r e d u c i b l e - s u l f u r  t o  w a r r a n t  f u r t h e r  s t u d y .
The s e v e n  " a c t i v e "  c u l t u r e s  w ere  t r a n s f e r r e d  3. t im e s  a t  w eek ly  
i n t e r v a l s  i n  KR c o n t a i n i n g  medium. A f t e r  5 days o f  i n c u b a t i o n  th e  
t h i r d  t r a n s f e r  o f  each  c u l t u r e  was ch ec k ed  f o r  r e d u c i b l e - s u l f u r .
Some v a r i a t i o n s  i n  t h e i r  a c t i v i t i e s  was o b s e r v e d .
These  v a r i a t i o n s  i n  t h e  r e s u l t s  l e d  to  an  i n v e s t i g a t i o n  o f  t h e  
p r o c e s s e s  i n v o l v e d  i n  p r e p a r i n g  t h e  K R-c lay  m i x t u r e .  I t  was soon  e s ­
t a b l i s h e d  t h a t  t h e  d ry  h e a t  (170 C f o r  24 h o u r s )  u s e d  f o r  s t e r i l i z a t i o n  
r e s u l t e d  i n  t h e  o x i d a t i o n  o f  t h e  o r g a n i c  s u l f u r  t o  i n o r g a n i c  fo rm s .  The 
7 a c t i v e  c u l t u r e s  a p p a r e n t l y  p ro d u ced  c e r t a i n  p r o d u c t s  t h a t  f a c i l i t a t e d  
t h e  r e l e a s e  o f  s u l f u r  f rom t h e  s u r f a c e  o f  t h e  c l a y .
At t h i s  p o i n t  i t  was n e c e s s a r y  t o  i n i t i a t e  a  s u b s t r a i n i n g  p rogram
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i n  an  a t t e m p t  to  i s o l a t e  o rg an is m s  c a p a b l e  o f  a t t a c k i n g  th e  r e s id u u m  
a n d  r e l e a s i n g  t h e  s u l f u r .  The m a j o r i t y  o f  t h i s  work  has  been r e p o r t e d  
by I s e n b e r g  ( 1 9 6 1 ) ,  One d i b e n z o t h i o p h e n e  c u l t u r e ,  t h e  most  a c t i v e  o f  
t h e  7,  was s t r e a k e d  on KR m i n e r a l  s a l t s  a g a r  f o r  s u b s t r a i n i n g .  S e v e r a l  
c o l o n i e s  f rom t h e s e  p l a t e s  were  l a t e r  s t r e a k e d  on DBT m i n e r a l  s a l t s  a g a r .  
A f t e r  s e v e r a l  weeks o f  i n c u b a t i o n  c o l o n i e s  t h a t  a p p e a r e d  t o  d i s s o l v e  
t h e  c r y s t a l s  o f  DBT w ere  o b s e r v e d  on one o f  t h e  p l a t e s .
F i f t e e n  c o l o n i e s  were  p i c k e d  from t h i s  p l a t e  t o  4 oz b o t t l e s  con ­
t a i n i n g  20 ml of  Medium 2 and  1 p e r  c e n t  DBT, W i t h i n  2 weeks t h e r e  
w ere  d e f i n i t e  s i g n s  o f  g rowth  i n  4 o f  t h e  l i q u i d  c u l t u r e  u n i t s .  The 
DBT c r y s t a l s  had  been  w e t t e d  and a f a i n t  brown t o  o r a n g e  p igm ent was 
n o t i c e a b l e .  These 4 c u l t u r e s  w ere  t r a n s f e r r e d  t h r e e  t im es  a t  10 -day  
i n t e r v a l s ,  and t h e  t h i r d  t r a n s f e r  was a s s a y e d  f o r  r e d u c i b l e - s u l f u r .
Only  one o f  t h e  4 c u l t u r e s  had  a c c u m u la t e d  a s i g n i f i c a n t  amount o f  
r e d u c i b l e - s u l f u r .  T h i s  c u l t u r e ,  d e s i g n a t e d  D R -I I ,  was employed i n  
a l l  t h e  p h y s i o l o g i c a l  and  n u t r i t i o n a l  s t u d i e s  r e p o r t e d  h e r e .
When s t r e a k e d  on TGE a g a r  t h e  DR-I I  c u l t u r e  was found  t o  be  a 
m i x t u r e  o f  two o r g a n i s m s ,  one a g r a m - p o s i t i v e  c o c c o i d  form and t h e  
o t h e r  a g r a m - n e g a t i v e  b a c i l l u s .  A l l  a t t e m p t s  t o  p u r i f y  t h e  c u l t u r e  
r e s u l t e d  i n  l o s s  o f  t h e  d e s u l f u r i z i n g  a c t i v i t y .
I n d i r e c t  e v i d e n c e  ( F i g u r e s  2 and 3) i n d i c a t e d  t h a t  t h e  c o c c o i d  
o rg a n i s m  a c t u a l l y  a t t a c k e d  t h e  d i b e n z o t h i o p h e n e .  The l a r g e  i s o l a t e d  
c o l o n y  t h a t  o b v i o u s l y  u t i l i z e d  t h e  DBT c r y s t a l s  on m i n e r a l  s a l t s  a g a r  
p l a t e s  ( a r r o w s ,  F i g u r e  3) p roduced  s m a l l  w h i t e  c o l o n i e s  on TGE a g a r  
t y p i c a l  o f  t h e  c o c c o i d  o r g a n i s m .  The s m a l l  c l e a r  c o l o n i e s  on DBT 
p l a t e s  ( e n c i r c l e d ,  F i g u r e  2) p ro d u ced  l u x u r i a n t  g ro w th  on TGE a g a r  
t y p i c a l  o f  t h e  g r a m - n e g a t i v e  b a c i l l u s .
F i g u r e  2 .  P h o to m i c ro g ra p h  showing 2 c o l o n y  ty p e s  on a d i b e n z o ­
t h i o p h e n e  m i n e r a l  s a l t s  a g a r  p l a t e  ( 2 0 X ) .
F i g u r e  3 .  P h o to m i c ro g ra p h  showing l a r g e  c o lo n y  ty p e  and c l e a r i n g  
o f  d i b e n z o t h i o p h e n e  c r y s t a l s  from m i n e r a l  s a l t s  a g a r  
( 4 5 X ) .
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F i g u r e  3 c l e a r l y  d e m o n s t r a t e s  t h e  a c t i v i t y  of  th e  c o c c o i d  o r g a n ­
ism on d i b e n z o t h i o p h e n e .  D e p r e s s i o n s  i n  t h e  a g a r  r e s u l t i n g  from t h e  
u t i l i z a t i o n  o f  DBT c r y s t a l s  by t h e  o r g a n i s m  can  be s e e n .  I n  c o n t r a s t ,  
th e  c o l o n i e s  o f  t h e  g r a m - n e g a t i v e  b a c i l l u s  e n c i r c l e d  i n  F i g u r e  3 a p ­
p a r e n t l y  have no e f f e c t  on t h e  DBT and  t h e i r  poor  g rowth  i n d i c a t e s  a 
d e f i c i e n c y  o f  n u t r i e n t s .
C h a r a c t e r i z a t i o n  o f  t h e  Organisms
The g r a m - n e g a t i v e  b a c i l l u s  f e r m e n t e d  g l u c o s e  and x y l o s e  w i t h  t h e  
p r o d u c t i o n  o f  a c i d  b u t  n o t  g a s ,  and  f a i l e d  to  p roduce  e i t h e r  a c i d  o r  
gas  f rom g l y c e r o l ,  m a n n i t o l ,  m a l t o s e ,  s u c r o s e ,  l a c t o s e ,  and  s a l i c i n .  
S t a r c h  and g e l a t i n  were  n o t  h y d r o l y z e d ,  n o r  was H2 S formed.  Li tmus  
m i l k  was s l i g h t l y  r e d u c e d  a t  t h e  b o t to m  and  made a l k a l i n e  b u t  no r e n n e t  
c u r d  was fo rmed ,  n o r  d id  p e p t o n i z a t i o n  o c c u r .  The c u l t u r e  p roduced  a 
w a t e r - s o l u b l e  b ro w n is h  pigment and young c u l t u r e s  e x h i b i t e d  m o t i l i t y  i n  
wet  m o u n t s .  P leom orph ism  was o b s e r v e d  i n  o l d  c u l t u r e s  and e l o n g a t e d  
forms were  v e r y  common. The c u l t u r e  grew w e l l  a t  37 C b u t  f a i l e d  t o  
grow a t  45 C. These  r e s u l t s ,  a c c o r d i n g  t o  Breed ,  o t  a j . . ,  ( 1 9 5 7 ) ,  
i n d i c a t e d  t h a t  t h i s  o rg a n i s m  was a member o f  t h e  genus  Pseudomonas
b u t  a p p a r e n t l y  n o t  a  t y p i c a l  s t r a i n .
The g r a m - p o s i t i v e  c o c c o i d  o rg a n i s m s  f a i l e d  t o  p ro d u c e  a c i d  o r  gas  
from s u c r o s e ,  l a c t o s e ,  g l u c o s e ,  m a l t o s e ,  s a l i c i n ,  g l y c e r o l ,  m a n n i t o l ,  
and x y l o s e .  N i t r i t e s  w e re  n o t  p ro d u c e d  f rom n i t r a t e s ,  n o r  was i n d o l e  
fo rm ed .  C i t r a t e  d id  n o t  s u p p o r t  g row th  o f  t h e  o rg a n i s m ,  b u t  i t  grew 
r e a d i l y  on a s p a r a g i n e  a g a r .  S t a r c h  was h y d r o l y z e d  b u t  g e l a t i n  was n o t  
a t t a c k e d .  The o r g a n i s m  was no t  m o t i l e  i n  young  c u l t u r e  when o b s e r v e d
i n  w e t  m oun t s ,  and  no g ro w th  was o b s e r v e d  a t  37 C. C u l t u r e s  l e s s  t h a n
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24 h o u r s  o l d  formed d e f i n i t e  s h o r t  r o d s  w i t h  i r r e g u l a r  s t a i n i n g  b u t  
o l d e r  c u l t u r e s  c o n t a i n e d  t h e  t y p i c a l  c o c c o i d  fo rm .  From t h e s e  o b ­
s e r v a t i o n s ,  a c c o r d i n g  t o  B re e d ,  e_t a _ l . , ( 1 9 5 7 ) ,  t h e  c u l t u r e  may be 
c o n s i d e r e d  a member o f  t h e  genus  A r t h r o b a c t e r .
E n v i r o n m e n t a 1 and  N u t r i t i o n a l  S t u d i e s
The f o l l o w i n g  s t u d i e s  w ere  d e s i g n e d  t o  e l u c i d a t e  t h e  f a c t o r s  
i n f l u e n c i n g  t h e  d e s u l f u r i z a t i o n  o f  d i b e n z o t h i o p h e n e .  I t  s h o u l d  be 
p o i n t e d  o u t  t h a t  t h e  r e s u l t s  r e p o r t e d  h e r e  r e f l e c t  th e  a c t i v i t i e s  o f  
a mixed  c u l t u r e  i n  w h ich  2  o rg a n i s m s  f u n c t i o n  i n  a d e f i n e d  s y s t e m  t o  
m e t a b o l i z e  DBT and  t o  a c c u m u l a t e  r e d u c i b l e - s u l f u r .
R e d u c i b l e - s u l f u r  a c c u m u l a t e d  a t  a  r e l a t i v e l y  s low r a t e ,  r e a c h i n g  
a  p e a k  i n  5 t o  6  d a y s .  The d a t a  p l o t t e d  i n  F i g u r e  4 w ere  o b t a i n e d  by 
p r e p a r i n g  s u f f i c i e n t  s t a n d a r d i z e d  c u l t u r e  u n i t s ,  c o n t a i n i n g  30 ml o f  
Medium 3 and  1 p e r  c e n t  DBT, t o  p e r m i t  t h e  re m o v a l  o f  3 b o t t l e s  f o r  
r e d u c i b l e - s u l f u r  a n a l y s i s  a t  each  t i m e  i n t e r v a l .  The g r a d u a l  d e c r e a s e  
i n  r e d u c i b l e - s u l f u r  a f t e r  5 t o  6  days  o f  i n c u b a t i o n  may p o s s i b l y  be due 
t o  m u t a n t s  t h a t  d e v e l o p .  These  m u t a n t s  may u t i l i z e  t h e  p r o d u c t s  o f  c e l l  
l y s i s  and t h e  i n o r g a n i c  s u l f u r  p ro d u c e d  i n  t h e  f i r s t  5 d a y s .
A e r a t i o n  and  m ix in g  s t u d i e s
A e r a t i o n  and m ix in g  w ere  e v a l u a t e d  by e m p lo y in g  v a r y i n g  amounts 
o f  Medium 3 i n  4 oz c u l t u r e  b o t t l e s  i n c u b a t e d  u n d e r  s h a k e  c o n d i t i o n s  a t  
a c o n s t a n t  r o t a t i o n  r a t e  (200  r p m ) . The v a r y i n g  volumes  o f  medium e f ­
f e c t i v e l y  i n f l u e n c e d  a e r a t i o n  and  m i x i n g ,  and  c o n s e q u e n t l y  i n f l u e n c e d  
t h e  amount o f  r e d u c i b l e - s u l f u r  t h a t  a c c u m u l a t e d  a f t e r  3 days  ( F i g u r e  5 ) .  
Optimum d e s u l f u r i z a t i o n  was o b t a i n e d  w i t h  40 and  50 ml o f  medium s u g ­
g e s t i n g  t h a t  i n  t h i s  r a n g e  a  b a l a n c e  b e tw e e n  a e r a t i o n  and  m i x in g  was
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D a y s  o f  i n c u b a t i o n
F i g u r e  4 .  R a t e  o f  r e d u c i b l e - s u l f u r  a c c u m u l a t i o n .
T r i p l i c a t e  c u l t u r e  u n i t s  c o n t a i n i n g  30 m l o f  
M edium  3 w e r e  s e t  up f o r  e a c h  t im e  i n t e r v a l  
a n d  in c u b a t e d  a t  30  C u n d e r  s h a k e  c o n d i t i o n s .
E a c h  u n i t  w a s  a s s a y e d  i n  t r i p l i c a t e  f o r  r e d u c i b l e -  
s u l f u r  a t  t h e  e n d  o f  t h e  d e s i r e d  t im e  i n t e r v a l .
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F i g u r e  5 .  E f f e c t  o f  a e r a t i o n  a n d  m ix i n g  o n  t h e  a c c u m u la t i o n  
o f  r e d u c i b l e - s u l f u r  a f t e r  3 d a y s  o f  i n c u b a t i o n .
C u l t u r e  u n i t s  w e r e  s e t  up  i n  t r i p l i c a t e  w i t h  1 p e r  
c e n t  DBT a n d  i n c u b a t e d  u n d e r  s h a k e  c o n d i t i o n s  a t  
30 C.
27
o b t a i n e d .
However,  t h e  r e s u l t s  shown i n  F i g u r e  5 a r e  t h e  e x p r e s s i o n  o f  an  
i n t e r p l a y  o f  f a c t o r s  r e s u l t i n g  from a e r a t i o n  and m ix in g  r a t e s .  The r a t e  
o f  s o l u t i o n  o f  a s l i g h t l y  s o l u b l e  s u b s t r a t e  such  a s  DBT i s  i n f l u e n c e d  by 
m i x i n g ,  and c o n t r o l l e d  by i t s  d i s a p p e a r a n c e  from t h e  medium. Thus ,  
f a c t o r s  such  as  a e r a t i o n  t h a t  i n f l u e n c e  t h e  r a t e  o f  g row th  and  s u b s e ­
q u e n t l y  t h e  r a t e  o f  DBT u t i l i z a t i o n ,  i n d i r e c t l y  a f f e c t  t h e  s o l u t i o n  o f  
s u b s t r a t e .  I n  t h e  c a s e  of  a  mixed c u l t u r e  t h e s e  f a c t o r s  a r e  m u l t i p l i e d  
and become more i n t r i c a t e  and u n e x p l a i n a b l e .
pH s t u d i e s
The i n i t i a l  pH o f  t h e  medium e x e r t e d  a marked i n f l u e n c e  on th e  
amount o f  r e d u c i b l e - s u l f u r  t h a t  a c c u m u la t e d  i n  t h e  medium ( F i g u r e  6 ) .
A pH o f  8 . 0  a p p e a r e d  optimum f o r  d e s u l f u r i z a t i o n  f o l l o w i n g  a 6 -d a y  i n ­
c u b a t i o n  p e r i o d .  No d e s u l f u r i z a t i o n  o c c u r r e d  a t  pH 6 . 0  and pH 9 . 0 .
The u s u a l  i n d i c a t i o n s  o f  g ro w th ,  w e t t i n g  o f  t h e  s u b s t r a t e  and  t u r b i d i t y ,  
were  n o t  a p p a r e n t  a t  t h e s e  pH v a l u e s .
P h o s p h a te  b u f f e r  s t u d i e s
R e d u c i b l e - s u l f u r  a c c u m u l a t i o n  i n  t h e  medium was g r e a t l y  a f f e c t e d  
by t h e  p h o s p h a t e  c o n c e n t r a t i o n  ( F i g u r e  7 ) .  P h o s p h a te  i n  a  c o n c e n t r a t i o n  
o f  0 . 6  p e r  c e n t  was optimum f o r  d e s u l f u r i z a t i o n  d u r i n g  6  days o f  i n c u b a ­
t i o n .  A s h a r p  d rop  i n  a c t i v i t y  o c c u r r e d  w i t h  c o n c e n t r a t i o n s  above  0 . 6  
p e r  c e n t ,  b u t  g row th  was a p p a r e n t l y  n o t  c o m p l e t e l y  i n h i b i t e d .  The r e ­
duced a c t i v i t y  o b t a i n e d  w i t h  t h e  low c o n c e n t r a t i o n s  o f  p h o s p h a t e  was 
p r o b a b l y  due t o  a drop  i n  t h e  i n i t i a l  pH o f  t h e  medium b e c a u s e  o f  i n e f ­
f e c t i v e  b u f f e r i n g  a c t i o n .  N orm al ly  a s l i g h t  d rop  i n  pH from 7 . 5  t o  7 .2
\
was o b s e r v e d  w i t h  0 . 3  p e r  c e n t  b u f f e r ,  and from 7 ,5  t o  7 .3  w i t h  0 . 6  p e r  
c e n t  p h o s p h a t e .
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F i g u r e  6 .  E f f e c t  o f  i n i t i a l  pH o f  t h e  m ed iu m  o n  t h e
a c c u m u l a t i o n  o f  r e d u c i b l e - s u l f u r  a f t e r  6  d a y s  
o f  i n c u b a t i o n .
C u l t u r e  u n i t s  w e r e  s e t  u p  i n  t r i p l i c a t e  w i t h  
t h e  m ed iu m  a d j u s t e d  t o  t h e  d e s i r e d  pH a n d  w i t h  
1 p e r  c e n t  D BT. I n c u b a t i o n  w a s  a t  30 C u n d e r  
s h a k e  c o n d i t i o n s .
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P h o s p h a t e  c o n c e n t r a t i o n  i n  p e r  c e n t
F i g u r e  7 .  E f f e c t  o f  p h o s p h a t e  c o n c e n t r a t i o n  o n  t h e
a c c u m u l a t i o n  o f  r e d u c i b l e - s u l f u r  a f t e r  6  d a y s  
o f  i n c u b a t i o n .
C u l t u r e  u n i t s  w e r e  s e t  u p  i n  t r i p l i c a t e  w i t h  
m ed iu m  o f  t h e  d e s i r e d  p h o s p h a t e  c o n c e n t r a t i o n  
a n d  w i t h  1 p e r  c e n t  DBT. I n c u b a t i o n  w a s  a t  
3 0  C u n d e r  s h a k e  c o n d i t i o n s .
30
S u b s t r a t e  c o n c e n t r a t i o n
The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  DBT on th e  amount o f  
r e d u c i b l e - s u l f u r  t h a t  a c c u m u la t e d  i n  t h e  medium a f t e r  3 days  o f  i n c u b a ­
t i o n  i s  shown i n  F i g u r e  8 . Maximum d e s u l f u r i z a t i o n  o c c u r r e d  a t  a  c o n ­
c e n t r a t i o n  o f  0 . 6  p e r  c e n t  DBT. In  h i g h e r  c o n c e n t r a t i o n s  t h e  amount o f  
r e d u c i b l e - s u l f u r  g r a d u a l l y  d e c r e a s e d  and  f i n a l l y  l e v e l e d  o f f  a t  a p p r o x i ­
m a t e l y  650 ^imoles p e r  l i t e r .
S t u d i e s  up to  t h i s  p o i n t  were  c o n d u c t e d  w i t h  a  s u b s t r a t e  co n c e n ­
t r a t i o n  o f  1 p e r  c e n t .  I t  was assumed t h a t  t h i s  would  be i n  e x c e s s  o f  
t h e  no rm al  r e q u i r e m e n t s  o f  t h e  c u l t u r e ,  and  would  t e n d  t o  i n d u c e  t h e  
o rg a n i s m s  t o  s a t i s f y  t h e i r  s u l f u r  and  c a r b o n  r e q u i r e m e n t s  w i t h o u t  com­
p l e t e  d e g r a d a t i o n  o f  t h e  d i b e n z o t h i o p h e n e .  A p p a r e n t l y  t h i s  was n o t  t h e  
c a s e  b e c a u s e  t h e  o n l y  p r o d u c t s  d e t e c t a b l e  i n  t h e  medium were  c e l l s  and 
r e d u c i b l e - s u l f u r .  Th is  would i n d i c a t e  t h a t  t h e  c o n d i t i o n s  employed i n  
t h e  e n r i c h m e n t  p r o c e d u r e s ,  and t h e  f a c t o r s  c o n s i d e r e d  up t o  t h i s  p o i n t ,  
w ere  a l l  d i r e c t e d  tow ard  t h e  c o m p le te  d e g r a d a t i o n  o f  t h e  DBT m o le c u le  
by t h e  d e s u l f u r i z i n g  c u l t u r e .
N i t r o g e n  r e q u i r e m e n t s
V a r io u s  n i t r o g e n  compounds w ere  chec ked  f o r  t h e i r  a b i l i t y  t o  s e r v e  
a s  s o l e  n i t r o g e n  s o u r c e s  f o r  t h e  b a c t e r i a l  d e s u l f u r i z a t i o n  o f  DBT.
T a b le  2 l i s t s  t h e  compounds s t u d i e d  a n d  t h e  amounts o f  r e d u c i b l e - s u l f u r  
t h a t  a c c u m u la t e d  a f t e r  3 days  o f  i n c u b a t i o n .  Growth was a p p a r e n t  i n  
e v e r y  c a s e  b u t  t h e  a c c u m u la t e d  r e d u c i b l e - s u l f u r  v a r i e d  w i d e l y .  The 
compounds w ere  employed i n  a c o n c e n t r a t i o n  o f  25 mmoles o f  n i t r o g e n  
p e r  2 0 0  ml o f  medium.
A r g i n i n e ,  c r e a t i n i n e ,  and m e th y lam in e  a p p e a r e d  t o  be s u i t a b l e  
n i t r o g e n  s o u r c e s  f o r  t h e  c u l t u r e  and f o r  d e s u l f u r i z a t i o n .  However,  a
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S u b s t r a t e  c o n c e n t r a t i o n  i n  p e r  c e n t
F i g u r e  8 .  E f f e c t  o f  i n i t i a l  s u b s t r a t e  c o n c e n t r a t i o n  o n  
t h e  a c c u m u l a t i o n  o f  r e d u c i b l e - s u l f u r  a f t e r  3 
d a y s  o f  i n c u b a t i o n .
C u l t u r e  u n i t s  w e r e  s e t  u p  i n  t r i p l i c a t e  w i t h  
t h e  d e s i r e d  s u b s t r a t e  c o n c e n t r a t i o n  a n d  
i n c u b a t e d  u n d e r  s h a k e  c o n d i t i o n s  a t  30  C .
TABLE 2
E f f e c t  o f  v a r i o u s  n i t r o g e n  s o u r c e s  on t h e  a c c u m u l a t i o n  
o f  r e d u c i b l e - s u l f u r  a f t e r  3^  days  i n c u b a t i o n
N i t r o g e n  source^- pmoles  SULFUR p e r  l i t e r  
o f  medium^
Ammonium c h l o r i d e  
( c o n t r o l )
693
L ( + ) A r g i n i n e 565
C r e a t i n i n e 534
M ethy lamine 513
Urea 350
A s p a r a g i n e  ( a l p h a ) 334
L -L e u c in e 261
T ry p to p h a n e 261
D -Glu tam ic  a c i d 209
G ly c i n e 2 0 1
D L - A s p a r t i c  a c i d 50
^-Nit rogen s o u r c e s  w ere  added i n  a c o n c e n t r a t i o n  o f  25 mmoles 
p e r  2 0 0  ml o f  medium.
9  : T r i p l i c a t e  c u l t u r e  u n i t s  w e re  s e t  up w i t h  eac h  compound,
and eac h  u n i t  was a n a l y z e d  f o r  r e d u c i b l e - s u l f u r  i n  t r i p l i c a t e .
T h e r e f o r e ,  e a c h  v a l u e  r e p r e s e n t s  9 r e p l i c a t i o n s .
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s l i g h t  r e d u c t i o n  i n  d e s u l f u r i z a t i o n  was o b s e rv e d  w i t h  some o f  t h e  
o r g a n i c  n i t r o g e n  compounds.  A p o s s i b l e  e x p l a n a t i o n  o f  t h i s  r e d u c t i o n  
may be t h e i r  u t i l i z a t i o n  a s  c a rb o n  and ene rgy  s o u r c e s ,  t h u s  d i v e r t i n g  
t h e  o rg an ism s  from DBT. N i t r a t e  a n d  n i t r i t e  were  o m i t t e d  from t h i s  
s t u d y  b e c a u s e  o f  t h e i r  i n t e r f e r e n c e  i n  t h e  r e d u c i b l e - s u l f u r  b i o a s s a y .
F e r m e n t a t i o n  A n a l y s i s
A n a ly s e s  were  made on th e  f e r m e n t a t i o n  s o l u t i o n  to  d e t e rm in e  t h e  
p r e s e n c e  o f  a l c o h o l s ,  a l d e h y d e s ,  k e t o n e s ,  o r g a n i c  a c i d s ,  and s u l f o n a t e s .  
S e l e c t i v e  e x t r a c t i o n  and d i s t i l l a t i o n  p r o c e d u r e s  ( a l k a l i n e  and a c i d )  
were  employed,  and t e s t s  were  made on t h e  e x t r a c t s  and d i s t i l l a t e s  f o r  
th e  v a r i o u s  compounds.  A l l  t e s t s  were  n e g a t i v e  and i t  was conc luded  
t h a t  t h e  o n ly  o r g a n i c  p r o d u c t s  were  c e l l u l a r  m a t e r i a l .  However, 
o r g a n i c  compounds c o u ld  p o s s i b l y  be p r e s e n t  i n  t r a c e  amounts below t h e  
s e n s i t i v i t i e s  o f  t h e  t e s t s  employed.
A n a ly ses  of  t h e  c u l t u r e  f l u i d  f o r  i n o r g a n i c  forms o f  s u l f u r  i n d i ­
c a t e d  s u l f i t e  and s i i l f i d e - i o n s  w ere  n o t  p r e s e n t  i n  d e t e c t a b l e  am ounts .  
S u l f a t e  was p r e s e n t ,  and was i d e n t i f i e d  by t h e  bar ium c h l o r a n i l a t e  t e s t  
(Lysy j  and  Zarembo, 1959) f o l l o w i n g  t h e  removal  o f  i n t e r f e r i n g  i n o r g a n i c  
p h o s p h a t e s .  Th is  p r o c e d u r e  r e p r e s e n t s  a  q u a l i t a t i v e  t e s t  f o r  s u l f a t e  in  
a complex m i n e r a l  s a l t s  medium and c o u l d  n o t  be employed as  a q u a n t i t a ­
t i v e  p r o c e d u r e .
S u l f u r  b a l a n c e
Q u a n t i t a t i v e  s u l f u r  a n a l y s e s  were  c a r r i e d  o u t  on d u p l i c a t e  c u l t u r e  
u n i t s  ( h a l f - g a l l o n  m i l k  b o t t l e s )  c o n t a i n i n g  200 ml o f  medium. DBT was 
added q u a n t i t a t i v e l y  i n  a c o n c e n t r a t i o n  o f  0 .2 5  p e r  c e n t  and a 0 . 1  pe r  
c e n t  s t a n d a r d  Inocu lum was u s e d .  The c u l t u r e  u n i t s  were  i n c u b a t e d  under
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shake  c o n d i t i o n s  f o r  4 days a t  30 C.
R e s id u a l  DBT was e x t r a c t e d  w i t h  i s o - o c t a n e  and th e  c o n c e n t r a t i o n  
d e t e rm in e d  s p e c t r o p h o t o m e t r i c a l l y . The c e l l s  were c o l l e c t e d  by c e n t r i ­
f u g a t i o n ,  washed tw ic e  w i t h  0 .05  M pho sp h a te  b u f f e r  a t  pH 7 . 5 ,  d r i e d ,  
w e ig h ed ,  and t o t a l  s u l f u r  was d e t e rm in e d  as  s u l f a t e  f o l l o w i n g  combus­
t i o n .  The r e d u c i b l e - s u l f u r  c o n t e n t  of  t h e  f e r m e n t a t i o n  s o l u t i o n  was 
d e t e rm in e d  by t h e  b i o a s s a y  p r o c e d u r e .
Tab le  3 c o n t a i n s  t h e  r e s u l t s  o f  t h e s e  a n a l y s e s .  Only 1.26 p e r  
c e n t  of  th e  s u l f u r  c o n t a i n e d  i n  t h e  279 ;imoles of  DBT u t i l i z e d  c o u ld  
be a c c o u n te d  f o r  a s  c e l l - s u l f u r .  Th i s  r e p r e s e n t s  a c e l l - s u l f u r  c o n t e n t  
o f  0 ,5 5  p e r  c e n t ,  a  f i g u r e  below t h e  r a n g e  r e p o r t e d  by R o b e r t s ,
A b e ls o n ,  Cowie, B o l to n ,  and  B r i t t e n  (1955) f o r  E s c h e r i c h i a  c o l i . They 
r e p o r t e d  c e l l - s u l f u r  c o n t e n t s  from 0 . 8  t o  1 .4  p e r  c e n t  on a d ry  w e ig h t  
b a s i s .  The lower v a l u e s  were  o b t a i n e d  w i t h  c e l l s  grown i n  s u l f u r  de ­
f i c i e n t  media .  L i m i t i n g  c o n c e n t r a t i o n s  o f  s u l f u r  f o r  t h e  growth  o f  
E. c o l i  were  found  to  be be tween 0 .002  and 0 .02  mg p e r  ml.  The f i n a l  
c o n c e n t r a t i o n  o f  s u l f u r ,  o t h e r  t h a n  t h a t  bound o r g a n i c a l l y  i n  t h e  DBT 
c u l t u r e  f l u i d ,  was 0 . 0 6  mg p e r  ml,  j u s t  s l i g h t l y  above t h e  l i m i t i n g  
c o n c e n t r a t i o n s  f o r  E. c o l i . The d a t a  r e p o r t e d  h e r e  would t h e r e f o r e  
s u b s t a n t i a t e  t h e  f i n d i n g s  o f  R o b e r t s ,  j2 t  . a l . ,  (1955) i n  r e g a r d  t o  t h e  
l i m i t i n g  c o n c e n t r a t i o n s  o f  s u l f u r  and  th e  low s u l f u r  c o n t e n t  o f  t h e  
c e l l s ,
Manometric  S t u d i e s  w i t h  R e s t i n g  C e l l s
The e f f e c t  o f  s u b s t r a t e  c o n c e n t r a t i o n
A Warburg exp e r im en t  was run  u s in g  3,  6 , and 30 / imoles o f  d i ­
b e n z o t h io p h e n e  as  a s u b s t r a t e .  As s e e n  i n  F i g u r e  9,  t h e  c e l l s  o x i d i z e d
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TABLE 3 
S u l f u r  b a l a n c e
F r a c t i o n ;umoles SULFUR p e r  
1 0 0  ml medium
C e l l s 3 . 4 1
C u l t u r e  f l u i d 203 .7
T o t a l 207 .1
S u l f u r  a v a i l a b l e  b a s e d  on 
DBT u t i l i z e d ^ 279 .0
P er  c e n t  r e c o v e ry 76.7
^Based on dry  w e ig h t  o f  c e l l s ,  1 9 .7  mg p e r  100 ml o f  medium. 
2
279 j imoles o f  d i b e n z o th io p h e n e  were  u t i l i z e d .
OX
YG
EN
 
up
ta
ke
- 
in 
p
L
36
30  p m o le s
4 0 0
3 0 0
200
6 p in o le s
p in o le
100
20 4 00 8 0
T im e i n  m i n u t e s
F i g u r e  9 .  T he o x i d a t i o n  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  
d i b e n z o t h i o p h e n e  b y  r e s t i n g  c e l l s  g ro w n  o n  
d i b e n z o t h i o p h e n e .
E a c h  f l a s k  c o n t a i n e d  2 , 5  m l b u f f e r , 0 . 5  m l o f  
c e l l  s u s p e n s i o n  (1 0  mg p r o t e i n  p e r  m l)  , arid  
0 . 2  m l 20  p e r  c e n t  KOH i n  t h e  c e n t e r  w e l l .
DBT w a s  a d d e d  i n  t h e  d e s i r e d  c o n c e n t r a t i o n  
d i s s o l v e d  i n  e t h e r  a n d  t h e  e t h e r  e v a p o r a t e d  a t  
4 0  C b e f o r e  a d d i n g  o t h e r  m a t e r i a l s ,  A ir  
a t m o s p h e r e .
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t h e  DBT a t  a l l  l e v e l s  o f  s u b s t r a t e  c o n c e n t r a t i o n .  A l i n e a r  r a t e  o f  
oxygen  u p t a k e  was o b t a i n e d  w i t h  30 p m oles  o f  s u b s t r a t e ,  b u t  w i t h  lower  
c o n c e n t r a t i o n s  a g r e a t l y  r e d u c e d  n o n - l i n e a r  ra te -  o f  u p t a k e  was n o t e d .  
T h i s  r e d u c e d  oxygen u p t a k e  was< p r o b a b l y  due t o  a low c o n c e n t r a t i o n  o f  
DBT i n  s o l u t i o n .  I n i t i a l l y  t h e  medium was s a t u r a t e d  w i t h  t h e  s u b ­
s t r a t e  b u t  a s  t h e  DBT was r a p i d l y  u t i l i z e d ,  t h e  r a t e  o f  s o l u t i o n  b e ­
came a l i m i t i n g  f a c t o r .  When 30 pmoles  o f  s u b s t r a t e  were  employed 
t h e  c o n c e n t r a t i o n  was s u f f i c i e n t l y  h ig h  t o  m a i n t a i n  a s t e a d y  r a t e  of  
s o l u t i o n ,  t h u s  p ro d u c in g  a l i n e a r  oxygen u p t a k e .  These r e s u l t s  
i l l u s t r a t e  t h e  p roblems e n c o u n t e r e d  i n  s t u d i e s  on e s s e n t i a l l y  i n ­
s o l u b l e  s u b s t r a t e s .
The r e s p i r a t o r y  q u o t i e n t  (R .Q . )  f o r  d i b e n z o t h i o p h e n e  was 0 . 4 4 6 .  
Th i s  v a l u e  r e f l e c t s  t h e  re d u c e d  n a t u r e  o f  t h e  s u b s t r a t e  and  i n d i c a t e s  
i n c o m p l e t e  o x i d a t i o n .  The R.Q. o b t a i n e d  was 59 .5  p e r  c e n t  o f  t h e  t h e o ­
r e t i c a l  v a l u e  o f  0 . 7 5 .  T e s t s  to  d e t e r m i n e  t h e  n a t u r e  o f  p r o d u c t s  
formed  were  n o t  made on t h e  f l a s k  c o n t e n t s  a t  t h e  end of  t h e  e x p e r i ­
ment .
The o x i d a t i o n  o f  d i b e n z o t h i o p h e n e  was a l t e r e d  s l i g h t l y  by t h e  
a d d i t i o n  o f  t h i o p h e n e  c o n t a i n i n g  compounds ( F i g u r e  1 0 ) .  T h i a n a p h th e n e  
(TN) and b e n z y l t h i o p h e n e  (BT) w ere  added  i n  e q u i m o la r  c o n c e n t r a t i o n s  
t o  Warburg f l a s k s  c o n t a i n i n g  3 p inoles  o f  DBT. T h i a n a p h th e n e  i n c r e a s e d  
t h e  r a t e  o f  o x i d a t i o n  o f  DBT i n i t i a l l y  and  had  a Qq^ v a l u e  o f  96 com­
p a r e d  w i t h  a v a l u e  o f  90 f o r  DBT a l o n e .  On t h e  o t h e r  hand ,  b e n z y l ­
t h i o p h e n e  r e d u c e d  t h e  oxygen u p t a k e  w i t h  DBT and  h a d  a Qq^ v a l u e  o f  
75.  N e i t h e r  TN o r  BT w ere  r e a d i l y  o x i d i z e d  by t h e  d i b e n z o t h i o p h e n e  
c u l t u r e  ( F i g u r e  9 ) .
When t h e  c o n c e n t r a t i o n  o f  DBT was i n c r e a s e d  f rom 3 t o  30 pmoles
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F i g u r e  1 0 .  T h e e f f e c t  o f  t h i a n a p h t h e n e  (TN) a n d  b e n z y l -  
t h i o p h e n e  (BT) o n  t h e  r a t e  o f  o x i d a t i o n  o f  
d i b e n z o t h i o p h e n e  (DBT) b y  c e l l s  g ro w n  o n  
d i b e n z o t h i o p h e n e .
E a c h  f l a s k  c o n t a i n e d  2 . 5  m l b u f f e r ,  0 . 5  m l o f  
c e l l  s u s p e n s i o n  ( 1 0 . 0  mg p r o t e i n  p e r  m l ) ,  a n d  
0 . 2  m l 20 p e r  c e n t  KOH i n  t h e  c e n t e r  w e l l .
T h r e e  p in o le s  o f  e a c h  com p ou n d  w e r e  a d d e d  t o  t h e  
a p p r o p r i a t e  f l a s k s  d i s s o l v e d  i n  e t h e r  a n d  t h e  
e t h e r  e v a p o r a t e d  a t  4 0  C b e f o r e  a d d in g  o t h e r  
m a t e r i a l s .  A i r  a t m o s p h e r e .
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and 3 pinoles o f  BT and TN were  ad d e d ,  t h e  oxygen  u p t a k e  p ro c e e d e d  a t  a 
l i n e a r  r a t e  arid aQg^ of  a p p r o x i m a t e l y  336 was o b t a i n e d  i n  e a c h  c a s e .
I t  i s  p o s s i b l e  t h a t  t h e  TN was o x i d i z e d  t o  some e x t e n t  i n  t h e  p r e s e n c e  
o f  DBT t h u s  i n c r e a s i n g  t h e  oxygen  u p t a k e  s l i g h t l y .  B e n z y l t h i o p h e n e , 
on  t h e  o t h e r  h a n d ,  may have  b e e n  t o x i c  o r  may have f u n c t i o n e d  as  a 
c o m p e t i t i v e  i n h i b i t o r .  The l a t t e r  seems more l i k e l y  b e c a u s e  oxygen 
u p t a k e  a t  h i g h e r  c o n c e n t r a t i o n s  o f  DBT was n o t  e f f e c t e d  by t h e  a d d i ­
t i o n  o f  3 pmoles  BT. Because  o f  t h e  q u e s t i o n a b l e  p u r i t y  o f  t h e  TN and 
BT no f u r t h e r  s t u d i e s  w ere  c a r r i e d  o u t  a long  t h e s e  l i n e s .
M e ta b o l i s m  o f  s u s p e c t e d  i n t e r m e d i a t e s
C e l l s  grown o n - d i b e n z o t h i o p h e n e  were  t e s t e d  i n  t h e  Warburg f o r  
t h e i r  a b i l i t y  t o  o x i d i z e  a v a r i e t y  o f  o r g a n i c  compounds (T a b l e s  4  and 
5 ) .  On t h e  b a s i s  o f  t h e  r a t e  o f  oxygen  u p t a k e  and t h e  l a c k  o f  a  p e r i o d  
o f  a d a p t a t i o n  ( t h e o r y  o f  " s i m u l t a n e o u s  a d a p t a t i o n , "  S t a n i e r ,  1947) some 
o f  t h e  compounds t e s t e d  may be c o n s i d e r e d  i n t e r m e d i a t e s  i n  t h e  o x i d a ­
t i o n  o f  d i b e n z o t h i o p h e n e .
C a t e c h o l ,  b e n z o i c  a c i d ,  s a l i c y l i c  a c i d ,  and p h e n y l p r o p i o n i c  
a c i d  were  o x i d i z e d  ( F i g u r e s  11 and 12) by t h e  DBT c u l t u r e s  s u g g e s t ­
i n g  t h e i r  in v o lv e m e n t  a s  i n t e r m e d i a t e s .  C a t e c h o l  and s a l i c y l a t e  have  
b e e n  e s t a b l i s h e d  a s  i n t e r m e d i a t e s  i n  t h e  o x i d a t i o n  o f  condensed  a r o ­
m a t i c  compounds by R ogof f  and Wender (1957 ,  1 9 5 9 ) .  G ale  (1952a ,  1952b) 
e s t a b l i s h e d  c a t e c h o l  as  a n  i n t e r m e d i a t e  i n  t h e  o x i d a t i o n  o f  b e n z o i c  
a c i d .  However,  b e n z o i c  a c i d  h a s  n o t  b e e n  r e p o r t e d  as  an  i n t e r m e d i a t e  
i n  t h e  o x i d a t i v e  pa thways  o f  co n d en sed  a r o m a t i c  compounds i n v o l v i n g  
s a l i c y l a t e .  T h i s  s u g g e s t s  t h e  p o s s i b i l i t y  o f  two s e p a r a t e  pa thways  o f  
d i b e n z o t h i o p h e n e  m e t a b o l i s m .
S a l i c y l a t e  h a s  b e e n  r e p o r t e d  by Rogof f  and Wender (1957 ,  1959) t o
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TABLE 4
O x y g e n - c o n t a i n i n g  compounds o x i d i z e d  by t~he 
d i b e n z o t h i o p h e n e  c u l t u r e
Compound mmoles o f  s u b s t r a t e Qo2
2C a t e c h o l 6 234
B en zo ic  a c i d 3 144
P h e n y l a c e t i c  a c i d 3 60
S a l i c y l i c  a c i d 3 46
P h e n y l p r o p i o n i c  a c i d 3 37
1 -N ap h th o l 3 34
2 -N a p h th o l 3 25
S a l i c y l a l d e h y d e 3 24
B - P h e n y l e t h y l  a l c o h o l 3 2 2
B en zy l  a l c o h o l 3 18
Endogenous 13
ljuL Ojj t a k e n  up p e r  5 mg p r o t e i n  p e r  h o u r .  
2 P u r i f i e d  by s u b l i m a t i o n .
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TABLE 5
H ydroca rbons  and m e rc a p ta n s  o x i d i z e d  by t h e  
d ib e n z o th io p f t e n e  c u l t u r e
Compound jimoles  o f  s u b s t r a t e 9 ^ 2 1
Benzy l  m e rc a p t a n 1 0
»
59
D ipheny l  s u l f i d e 1 0 40
i s o - A m y l s u l f i d e 1 0 23
T o lu e n e 2822 36
P h e n y ld o d e c a n e 105 35
B u t y l - b e n z e n e 193 32
O ctane 184 30
Endogenous - 14
>^uL O2  t a k e n  up p e r  5 mg c e l l  p r o t e i n  p e r  h o u r .
2These  h i g h  v a l u e s  r e p r e s e n t  c o n c e n t r a t i o n s  o f  1 p e r  c e n t .
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F i g u r e  1 1 .  T he o x i d a t i o n  o f  c a t e c h o l ,  b e n z o i c  a c i d ,  an d  
d i b e n z o t h i o p h e n e  b y  c e l l s  g ro w n  o n  d i b e n z o -  
t h i o p h e n e .
E a c h  f l a s k  c o n t a i n e d  1 . 5  o r  2 . 5  m l o f  b u f f e r ,
0 . 5  m l c e l l  s u s p e n s i o n  ( 1 0 . 0  mg p r o t e i n  p e r  m l ) , 
a n d  0 . 2  m l 20 p e r  c e n t  K0H i n  t h e  c e n t e r  w e l l .  
T h r e e  p m o le s  o f  s u b s t r a t e  w e r e  a d d e d  t o  e a c h  
f l a s k ?  c a t e c h o l  i n  1 m l o f  b u f f e r ,  DBT a n d  
b e n z o i c  a c i d  i n  e t h e r  a n d  t h e  e t h e r  e v a p o r a t ­
e d  a t  4 0  C b e f o r e  a d d in g  o t h e r  m a t e r i a l s .
A i r  a t m o s p h e r e .
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F i g u r e  1 2 .  T h e o x i d a t i o n  o f  p h e n y l a c e t i c  a c i d ,  s a l i c y l i c  
a c i d ,  p h e n y l p r o p i o n i c  a c i d ,  s a l i c y l a l d e h y d e ,  
a n d  d i b e n z o t h i o p h e n e  b y  c e l l s  g r o w n  o n  DBT.
E a c h  f l a s k  c o n t a i n e d  3 p in o le s  o f  s u b s t r a t e ,  
2 . 5  m l b u f f e r ,  0 . 5  m l c e l l  s u s p e n s i o n  (1 0 * 0  
mg p r o t e i n  p e r  m l)  , a n d  0 . 2  m l” 2 0  p e r  c e n t  
KOH i n  t h e  c e n t e r  w e l l . A i r  a t m o s p h e r e  *
44
be an  i n t e r m e d i a t e  i n  t h e  o x i d a t i o n  o f  a n t h r a c e n e ,  p h e n a n t h r e n e ,  and 
m e t h y l n a p h t h a l e n e . A number o f  w o rk e r s  i n c l u d i n g  S t r a w i n s k i  and S tone  
(1943 ,  1954) and K la u s m e i e r  (1958)  have  r e p o r t e d  s a l i c y l a t e  a s  a 
p r o d u c t  o f  n a p h t h a l e n e  d i s s i m i l a t i o n .  Th i s  e v i d e n c e  t h e r e f o r e  s u b ­
s t a n t i a t e s  t h e  p ro p o s e d  r o l e  o f  s a l i c y l a t e  a s  an i n t e r m e d i a t e  o f  t h e  
o x i d a t i o n  o f  d i b e n z o t h i o p h e n e . . .
I n f o r m a t i o n  on t h e  i n i t i a l  s i t e  o f  a t t a c k  on t h e  d i b e n z o t h i o ­
phene m o l e c u le  i s  n e e d e d ,  how ever ,  t o  e s t a b l i s h  t h e  e x a c t  pathway  
i n v o l v e d .  C h a r l e s  and F r e i s e r  (1950) have  p o i n t e d  o u t  t h a t  t h e  s u l f u r  
o f  s u b s t i t u t e d  t h i o p h e n e s  i s  r e a d i l y  o x i d i z a b l e .  A p p a r e n t l y  t h e  un­
s h a r e d  e l e c t r o n  p a i r s  o f  t h e  t h i o p b e n e  s u l f u r  i n  d i b e n z o t h i o p h e n e  a r e  
n o t  i n v o l v e d  i n  t h e  n u c l e a r  r e s o n a n c e  and a r e  t h e r e f o r e  a v a i l a b l e  f o r  
t h e  c o o r d i n a t i o n  o f  oxygen .  A ls o ,  where  t h e r e  i s  r e s o n a n c e  i n  th e  
t n i o p h e n e  r i n g  i n v o l v i n g  t h e  e l e c t r o n s  o f  s u l f u r  ( t h i a n a p h t h e n e ) , 
s u b s t i t u t i o n  r e a d i l y  o c c u r s  on t h e  r i n g  and t h e  s u l f u r  r e s i s t s  o x i d a ­
t i o n .  On t h e  b a s i s  o f  t h i s  i n f o r m a t i o n  i t  i s  p o s s i b l e  to  p o s t u l a t e  
t h a t  t h e  t h i o e t h e r  bond i s  th e  i n i t i a l  s i t e  o f  a t t a c k .  The f a c t  t h a t  
t h i a n a p h t h e n e ,  th i o p h e n e ,  and b e n z y l t h i o p h e n e  were  n o t  a t t a c k e d  by 
t h i s  c u l t u r e  would  t e n d  t o  s u b s t a n t i a t e  t h i s  t h e o r y .  A ls o ,  t h e  i n ­
a b i l i t y  o f  t h e  o rg a n i s m  t o  o x i d i z e  condensed  a r o m a t i c  compounds such  
a s  n a p h t h a l e n e ,  p h e n a n t h r e n e * and  a n t h r a c e n e  i s  f u r t h e r  e v i d e n c e  f o r  
t h i s  t h e o r y .
The o x i d a t i o n  o f  p h e n y l p r o p i o n i c  a c i d  and p o s s i b l y  p h e n y l a c e t i c  
a c i d  ( F i g u r e  12) would t h e r e f o r e  be e x p e c t e d .  C le av ag e  and one  o f  t h e  
benzene  r i n g s  would  p ro d u c e  an a c r y l i c  a c i d  p o s s i b l y  s u b s t i t u t e d  i n  t h e  
o r t h o  p o s i t i o n .  T h i s  would  a l s o  c o n f i r m  t h e  r o l e  o f  s a l i c y l a t e  a s  an 
i n t e r m e d i a t e .  I t  i s  a l s o  p o s s i b l e  t h a t  a  r e d u c t i v e  s t e p  may o c c u r  and
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r e s u l t  i n  the  f o r m a t io n  o f  an  a c r y l i c  a c i d  w i t h o u t  o r t h o  s u b s t i t u t i o n .  
Th is  would  e x p l a i n  t h e  o x i d a t i o n  o f  b e n z o ic  a c i d  and e s t a b l i s h  an 
a l t e r n a t e  pathway.
The a b i l i t y  of  r e s t i n g  c e l l s  grown on d i b e n z o th io p h e n e  to  o x i d i z e  
t o l u e n e ,  p h eny ldodecane ,  and b u t y l  benzene  ( T a b l e  5) was o f  p a r t i c u l a r  
i n t e r e s t .  These d a t a  would a l s o  f a v o r  t h e  t h e o r y  o f  t h e  f o r m a t i o n  of  
an a l k y l  s u b s t i t u t e d  a r o m a t i c  s t r u c t u r e .  The a b i l i t y  o f  t h e  c u l t u r e  
to  o x i d i z e  t h e s e  compounds may a l s o  be an e x p l a n a t i o n  o f  t h e  growth  of  
the  o rg an is m  on Kuwait r e s id u u m .
On th e  b a s i s  o f  th e  e v id e n c e  p r e s e n t e d ,  a p o s s i b l e  pathway f o r  
th e  o x i d a t i o n  o f  d i b e n z o th io p h e n e  i s  p ro p o s e d  ( F i g u r e  13) .  Ah a l t e r ­
n a t i v e  pathway th ro u g h  b e n z o i c  a c i d  i s  a l s o  i n c l u d e d  as  a  p o s s i b i l i t y .  
A p p a r e n t l y  the  pathway from c a t e c h o l  t o  ca rbon  d i o x i d e  and w a t e r  f o l ­
lows t h e  e s t a b l i s h e d  r o u t e  (U m bre i t ,  1954).  Befo re  th e  e x a c t  o x i d a t i v e  
pathway o f  d i b e n z o th io p h e n e  d e g r a d a t i o n  can  be e s t a b l i s h e d  i t  w i l l  be 
n e c e s s a r y  to  c a r r y  out  p u re  c u l t u r e  s t u d i e s  and t o  i s o l a t e  t h e  v a r i o u s  
i n t e r m e d i a t e s .
O th e r  o r g a n i c  compounds s t u d i e d
S a l i c y l a l d e h y d e ,  a compound seldom m en t ioned  as  an i n t e r m e d i a t e  i n  
th e  o x i d a t i o n  o f  a r o m a t i c  compounds,  was o x i d i z e d  by th e  DBT c u l t u r e  
( F i g u r e  12 ) .  I t  i s  p o s s i b l e  t h a t  th e  o x i d a t i o n  o f  t h i s  compound o c ­
c u r r e d  b eca u se  o f  i t s  s i m i l a r i t y  to  s a l i c y l i c  a c i d .
The o x i d a t i o n  o f  o t h e r  compounds such  as  1 and 2 - n a p h t h o l ,  
B - p h e n y l e th y l  a l c o h o l ,  b e n z y l  a l c o h o l ,  o c t a n e ,  b e n z y l  m e rc a p ta n ,  
d i p h e n y l  s u l f i d e ,  and i soam yl  s u l f i d e  (T a b le s  4 and 5)  may be e x ­
p l a i n e d  on th e  b a s i s  o f  t h e i r  s i m i l a r i t y  t o  i n t e r m e d i a t e s .  The 
a c t i v i t y  o f  t h e  c u l t u r e  on t h e s e  compounds may a l s o  be due t o  the
D i b e n z o t h i o p h e n e
?
H H 
- C - C - C O O H  
H H
(OH) ??
P h e n y l p r o p i o n i c  
a c i d
4 ,
OR
vl/
- C ^ C - C O O H
(OH) ??
P h e n y l a c r y l i c
a c i d
COOH
B e n z o i c  a c i d
C O O H
OH
S a l i c y l i c  a c i d
OH
OH
C a t e c h o l
C 0,  + HO z z
F i g u r e  1 3 .  P o s s i b l e  p a t h w a y s  f o r  t h e  o x i d a t i v e  m e t a b o l i s m  
o f  d i b e n z o t h i o p h e n e  b y  t h e  d e s u l f u r i z i n g  
c u l t u r e .
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a d a p t a b i l i t y  o f  t h e  c u l t u r e  o r  may r e f l e c t  t h e  u s e  o f  a mixed c u l t u r e .
S t a n i e r  (7^950) was of  t h e  o p i n i o n  t h a t  many a r o m a t i c  compounds 
may be o x i d i z e d  by pseudomonads p r o v i d e d  t h e  i n i t i a l  s u b s t r a t e  c o n c e n ­
t r a t i o n  was k e p t  low t o  a v o i d  t o x i c  e f f e c t s .  He a s c e r t a i n e d  t h a t  t h e  
a t t a c k  on t h e s e  s u b s t r a t e s  was s t r i c t l y  a d a p t i v e  due t o  t h e  s i m i l a r i t y  
o f  t h e  compounds t o  t h e  many i n t e r m e d i a t e s  i n v o l v e d .
A number o f  o r g a n i c  compounds,  i n c l u d i n g  b i o t i n ,  p - h y d r o x y d i -  
p h e n y l ,  1 , 2 - n a p h t h i o q u i n o n e ,  p e n i c i l l i n  G, p h e n o l ,  s a l i c y l  a l c o h o l ,  
s u l f o s a l i c y l i c  a c i d ,  b e n z e n e ,  c y c l o h e x a n e ,  d e c a n e ,  and hexade cane  
were  n o t  o x i d i z e d  by d i b e n z o t h i o p h e n e  grown c e l l s .
SUMMARY
1.  A p r o c e d u r e  f o r  t h e  i s o l a t i o n  o f  o rgan ism s  c a p a b l e  o f  u t i l i z i n g  
d i b e n z o t h i o p h e n e  as a s o l e  s o u rce  o f  c a r b o n ,  e n e r g y ,  and s u l f u r  
was d e s c r i b e d .
2.  A mixed c u l t u r e  t h a t  c o n t a i n e d  two o r g a n i s m s ,  b o t h  o f  w hich  were  
r e q u i r e d  rf o r  t h e  d e s u l f u r i z a t i o n  o f  d i b e n z o t h i o p h e n e  was s t u d i e d ;  
one o rg an is m  was i d e n t i f i e d  as a  member o f  t h e  genus  Pseudomonas 
and t h e  o t h e r  as  a  member o f  t h e  genus  A r t h r o b a c t e r .
3 .  The a c t i v i t y  o f  t h e  c u l t u r e  was m easured  by i t s  a b i l i t y  t o  
acc u m u la te  r e d u c i b l e ,  i n o r g a n i c  s u l f u r  i n  t h e  medium.
4 .  A b i o a s s a y  p r o c e d u r e  was d e s c r i b e d  f o r  q u a n t i t a t i n g  r e d u c i b l e ,  
i n o r g a n i c  s u l f u r  i n  a complex m i n e r a l  s a l t s  medium.
5.  The o n ly  d e t e c t a b l e  o r g a n i c  p r o d u c t  o f  d ib e n z o t h i o p h e n e  
u t i l i z a t i o n  was c e l l u l a r  m a t e r i a l .
6 . S u l f a t e  was i d e n t i f i e d  a s  an end p r o d u c t  o f  t h e  s u l f u r  m e ta b o l i s m  
o f  t h e  c u l t u r e  s t u d i e d .
7. R e s t i n g  c e l l s ,  h a r v e s t e d  from c u l t u r e s  grown on d ib e n z o t h i o p h e n e ,  
were  c a p a b le  o f  o x i d i z i n g  t h e  compound i n  t h e  Warburg a p p a r a t u s .
The a d d i t i o n  o f  e q u im o la r  c o n c e n t r a t i o n s  o f  b e n z y l t h i o p h e n e  o r  
t h i a n a p h t h e n e  s l i g h t l y  a l t e r e d  t h e  r a t e  o f  oxygen u p t a k e .
8 . C a t e c h o l ,  b e n z o i c  a c i d ,  s a l i c y l i c  a c i d ,  and p h e n y l p r o p i o n i c  a c i d  
were  o x i d i z e d  by r e s t i n g  c e l l s  grown on d i b e n z o t h i o p h e n e .  These  
compounds were  p roposed  as  p o s s i b l e  i n t e r m e d i a t e s  i n  t h e  o x i d a t i o n  
o f  d ib e n z o t h i o p h e n e .
9 .  The o x i d a t i o n  o f  p h e n y l p r o p i o n i c  a c i d ,  p h e n y ld o d e c a n e ,  b u t y l  b e n z e n e ,  
t o l u e n e ,  and p h e n y l a c e t i c  a c i d  s u g g e s t e d  c l e a v a g e  of  one benzene
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r i n g  w i t h  t h e  f o r m a t i o n  o f  an a l k y l  s u b s t i t u t e d  a r o m a t i c  compound, 
p o s s i b l y  an a c i d .
10.  The t h i o e t h e r  l i n k a g e  o f  d ib e n z o t h i o p h e n e  was s u g g e s t e d  as t h e  
i n i t i a l  p o i n t  o f  m i c r o b i a l  a t t a c k  on t h e  m o l e c u le .
11.  A number o f  o t h e r  o r g a n i c  compounds were  o x i d i z e d  by t h e  c u l t u r e  
b u t  t h e i r  r o l e  i n  t h e  d e s u l f u r i z a t i o n  p r o c e s s  was n o t  e s t a b l i s h e d .  
T h i s  a c t i v i t y  was a p p a r e n t l y  a r e f l e c t i o n  o f  t h e  a d a p t a b i l i t y  of  
t h e  c u l t u r e  o r  was a consequence  o f  employing a mixed c u l t u r e .
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